A study of the factors which govern the compressibility of chalk. by Holloway-Strong, Maria U.
1420153
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: 10130308
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uesL
ProQuest 10130308
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
A STUDY OF THE FACTORS WHICH GOVERN THE 
COMPRESSIBILITY OF CHALK
BY
MARIA U. HOLLOWAY-STRONG BSc MSc DIG MIMM FGS
A thesis submitted for the degree of 
Doctor of Philosophy
Department of Civil Engineering 
University of Surrey 
Guildford
August 1998
tChalk cutting at Twyford Down, Hampshire, UK
CONTENTS 
PAGE
LIST OF FIGURES vi
LIST OF TABLES x
ACKNOWLEDGEMENTS xii
ABSTRACT xiii
NOMENCLATURE xiv
1. INTRODUCTION AND SOME BASIC CONCEPTS 1
1.1 Weak Rocks 2
1.2 Historical Background 4
1.3 Current Work 9
2. PREVIOUS STUDIES OF NATURAL MATERIALS 11
2.1 Chalk 11
2.1.1 Deposition And Diagenesis 11
2.1.2 Tectonism 14
2.1.3 Weathering 14
2.1.4 Classification Schemes 16
2.1.5 Mechanical Properties 19
2.1.6 Chalk Rock Masses 24
2.2 Bonded Materials 26
2.2.1 Intact Material 26
2.2.2 Behaviour in Compression 35
2.2.3 Behaviour in Shear 40
2.3 Discontinuities 44
2.3.1 Shear Deformation and Dilation 46
2.3.2 Normal Deformation 46
2.3.3 Factors Which Influence Normal Stiffness 48
2.4 Rock Masses 52
2.4.1 Stress-Deformation Behaviour 53
2.4.2 Compressibility o f Rock Masses 55
2.5 Summary 60
3. THEORETICAL MODEL OF DEFORMATION 
BEHAVIOUR OF CHALK 62
3.1 Principles Of Material Deformation In Response To Normal
Loading 62
3.1.1 Behaviour o f Touching Surfaces Under a Normal Load 63
3.1.2 Friction and Adhesion 64
3.2 Proposed Theory For Chalk Subjected To Normal Loading 65
3.2.1 Behaviour o f Intact Chalk 65
3.2.2 Behaviour o f Chalk which Contains a Discontinuity 67
3.3 Summary 74
111
4. EXPERIMENTAL PROGRAMME
PAGE
77
4.1 Introduction 77
4.2 Fieldwork 78
4,2,1 Needham Market Quarry 84
4.3 Laboratory Work 85
4,3,1 General Calibration Procedures 85
4.4 The Compression System 86
4,4,1 Instrumentation 88
4,4.2 Computer and Interface System 90
4,4,3 Specimen Preparation 91
4,4,4 Experimental Set Up 93
4.5 The Triaxial System 95
4,5,1 Measurement o f  Small Strain Stiffness 98
4,5.2 Instrumentation 102
4.5.3 Computer and Interface System 105
4.5.4 Specimen Preparation 107
4.5.5 Experimental Set Up 114
4.5.6 Standard Corrections 119
5. INVESTIGATION OF DEFORMATION BEHAVIOUR OF 
INTACT AND DISCONTINUOUS CHALK 123
5.1 One-Dimensional Compression Tests 123
5.1.1 Method 123
5.1.2 Results 125
5.2 Triaxial Tests Conducted on Intact and Discontinuous Chalk 132
5.2.1 Method 132
5.2.2 Results 134
5.3 Summary 162
6. INVESTIGATION OF INFLUENCE OF REDUCED 
CONTACT AREA IN DISCONTINUOUS CHALK 164
6.1 Uniaxial Compressive Strength Tests 164
6.1.1 Method 164
6.1.2 Results 166
6.2 Reduced Contact Area Triaxial Tests 198
6.2.1 Method 198
6.2.2 Results 201
6.3 Summary 225
7. CONCLUSIONS AND RECOMMENDATIONS 229
7.1 Intact Chalk Deformation 229
7.2 Simple Idealised Rock Mass Deformation 230
7.3 Deformation of an Idealised Rock Mass with Reduced Contact
Area Ratio at the Discontinuity Boundaries 234
7.4 Summary 241
7.5 Further Work 243
IV
REFERENCES
PAGE
245
APPENDIX A BASIC DEFINITIONS AND FORMULAE A l  
A l  Stresses A-2
A.2 Volume A-2
A 3  Poisson’s Ratio A-3
A 4 Strain and Displacement A-4
A.5 Stiffness A-4
A.6 Drained and Undrained Stress Paths A-5
APPENDIX B
B.l
B.2
B.3
B.4
B.5
B.6
B.7
B.8
INVESTIGATION OF CHALK 
SUITABILITY
Introduction
Water Content Determination
B.2.1 Method
B.2,2 Results
Dry Density
B.3.1 Method
B.3,2 Results
Atterberg Limits
B.4,1 Method
B.4.2 Results
Uniaxial Compressive Strength
B.5.1 Method
B.5.2 Results
Slake Durability
B,6,l Method
B.6.2 Results
Scanning Electron Microscopy 
Summary
B-1
B-2
B-4
B-4
B-4
B-4
B-6
B-6
B-8
B-8
B-9
B-10
B-10
B-11
B-12
B-13
B-13
B-14
B-14
LIST OF FIGURES
Figure 1-1 ; Components of a rock mass
Figure 1-2: The geomaterial spectrum
Figure 1-3: Critical State concepts
Figure 1-4: Idealised discontinuity
Figure 2-1 : Typical weathering profile for chalk [Matthews, 1993]
Figure 2-2: Relationships between uniaxial compressive strength, dry density and
stiffness with porosity [after Matthews, 1993]
Figure 2-3 : One-dimensional compression tests on chalks of different porosities
[after Petley et al., 1993]
Figure 2-4: Typical deformation curve for rock in a compression test
Figure 2-5: Mohr-Coulomb failure criterion for materials
Figure 2-6: One-dimensional compression of clays
Figure 2-7: Critical states of soils [after Atkinson, 1993]
Figure 2-8: Behaviour of soil during drained shearing [after Atkinson, 1993]
Figure 2-9: State boundary surfaces for soils [after Atkinson & Bransby, 1978]
Figure 2-10: Shear deformation behaviour in ideal, loose and dense soils [after
Atkinson, 1993]
Figure 2-11 : The consolidation history of a natural clay deposit [after Tavenas & 
Leroueil, 1987]
Figure 2-12: One-dimensional compression of structured and reconstituted clay [after
Leroueil & Vaughan, 1990]
Figure 2-13: One-dimensional compression behaviour of normally consolidated clays
[after Burland, 1990]
Figure 2-14: One-dimensional compression tests for different materials 
Figure 2-15: Rock deformation under increasing deviatoric stress [after Goodman,
1989]
Figure 2-16: Shear plane development
Figure 2-17: Transition from brittle to ductile behaviour in triaxial compression of 
rock [after Goodman, 1989]
Figure 2-18: Deformation behaviour of intact chalk [Kageson-Loe, 1993]
Figure 2-19: Idealised rock mass showing discontinuity characteristics
Figure 2-20: Normal stress-deformation behaviour of discontinuities, showing concave 
form [after Barton, 1986]
Figure 2-21 : Normal stress versus contact area for different rock tj^es [after Duncan 
& Hancock, 1965]
Figure 2-22: Normal stress versus deformation for a chalk specimen containing a 
discontinuity [after Matthews & Clayton, 1992]
Figure 2-23: Stress-deformation curves for rock masses
Figure 2-24: Load-deformation behaviour for rock masses with differing discontinuity
patterns [after Barton, 1986]
Figure 2-25: Relationship of the ratio of mass stiffiiess to intact stiffness with fracture
frequency for discontinuities of varying stiffness [after Matthews, 1993]
Figure 3-1 : Contact at surface boundaries
Figure 3-2: Body of chalk with theoretically perfect saw cut
Figure 3-3: Theoretical deformation of discontinuous chalk
VI
Figure 3-4: Theoretical plot for intact and reduced contact area chalk
Figure 4-1: 
Figure 4-2: 
Figure 4-3: 
Figure 4-4: 
Figure 4-5: 
Figure 4-6: 
Figure 4-7: 
Figure 4-8: 
Figure 4-9: 
Figure 4-10: 
Figure 4-11:
Figure 4-12 
Figure 4-13 
Figure 4-14 
Figure 4-15 
Figure 4-16
Hi-loader oedometer apparatus 
Components of compression system
Flow diagram for computer control of one-dimensional compression tests
Postulated position of the yield surface for Needham Market chalk
Schematic drawing of high pressure triaxial system
Actual triaxial system arrangement
Top cap arrangement to reduce tilting errors
Local axial strain device brackets on dummy transducer
Flow diagram of data capture process for triaxial testing
Graphics seen on the computer screen during shear stage of triaxial test
Area of specimen cross section, which is free from surface effects, as a
function of specimen diameter [after Hawkes & Mellor, 1970]
Influence of length/diameter ratio [Hawkes & Mellor, 1970]
Groove arrangement to produce reduced contact area
Modified split mould for production of reduced contact area specimens
Triaxial specimen assembly prior to testing
Membrane corrections for brittle failure [Head, 1985a]
Figure 5-1 : One-dimensional compression test results for intact specimens of
Needham Market chalk 
Figure 5-2: Comparison with previous work of one-dimensional compression tests on
intact chalk
Figure 5-3 : One-dimensional compression test results for reconstituted Needham
Market chalk
Figure 5-4: Comparison of one-dimensional compression results for intact and
reconstituted Needham Market chalk 
Figure 5-5: Stress paths of the suite of triaxial tests conducted
Figure 5-6: Intact and single planar discontinuity triaxial specimens
Figure 5-7: Axial strain versus deviatoric stress for intact specimens
Figure 5-8: Unconfined compressive strength and undrained stress paths for intact
specimens
Figure 5-9: Average axial strain versus excess pore pressure for intact specimens
Figure 5-10: Failure plane in previously intact specimen
Figure 5-11 : Sketch of plastic deformation in intact specimen
Figure 5-12: Isotropic compression of intact specimen (NMT73)
Figure 5-13: Stress paths for intact triaxial suite
Figure 5-14: Axial strain (%) contours for intact Needham Market chalk
Figure 5-15: Isotropic compression stages for single planar discontinuity suite
Figure 5-16: Single planar discontinuity specimen subjected to isotropic effective
stress
Figure 5-17: Axial strain versus deviatoric stress for single planar discontinuity
specimens
Figure 5-18: Unconfined compressive strength and undrained stress paths for single
planar discontinuity specimens 
Figure 5-19: Average axial strain versus excess pore pressure for single planar 
discontinuity specimens 
Figure 5-20: Failure plane in single planar discontinuity specimen
Vll
Figure 5-21 : Sketch of plastic deformation in single planar discontinuity specimen
Figure 5-22: Isotropic compression of single planar discontinuity specimen
(NMTC32)
Figure 5-23: Stress paths for single planai* discontinuity triaxial suite
Figure 5-24: Axial strain (%) contours for discontinuous Needham Maiket chalk
Figure 5-25: Comparison of intact and single planar discontinuity chalk deformation 
behaviour
Figure 6-1 : Reduced contact area specimen
Figure 6-2: Uniaxial compressive strength test axial load results
Figure 6-3: Uniaxial compressive strength test axial stress results
Figure 6-4: Intact deformation behaviour
Figure 6-5: Failure in intact specimen
Figure 6-6: Single planar discontinuity deformation behaviour
Figure 6-7 Transitional deformation behaviour
Figure 6-8: Reduced contact area behaviour
Figure 6-9: Loss of linearity at the limit of Phase 1
Figure 6-10: Initial contact area ratio versus load for the limit of linear behaviour of
asperities for whole UCS suite 
Figure 6-11 : Initial contact area ratio versus axial strain for failure of asperities for
whole UCS suite
Figure 6-12: Initial ^perity height versus axial strain for failure of asperities for whole
UCS suite
Figure 6-13: Initial contact area ratio versus initial asperity height for whole UCS suite 
Figure 6-14: Limit of Phase 2
Figure 6-15: Initial contact area versus axial strain for the end of Phase 2
Figure 6-16: Comparison of initial contact area versus axial strain at the start and
finish of Phase 2
Figure 6-17: Initial asperity height versus axial strain for the end of Phase 2
Figure 6-18: Comparison of initial asperity height versus axial strain at the start and
finish of Phase 2 
Figure 6-19: Limit of Phase 3 
Figure 6-20: Post-failure behaviour of UCS suite
Figure 6-21: Initial contact area ratio versus final strain results for whole UCS suite
Figure 6-22: Failure in reduced contact area specimen
Figure 6-23: Stiffness data for whole UCS suite
Figure 6-24: Increase in axial load rate during Phase 2
Figure 6-25: Failure of membrane in 15% contact area triaxial tests
Figure 6-26: Annulus to prevent membrane rupture
Figure 6-27: Typical plot of axial strain versus effective stress during saturation 
Figure 6-28: Theoretical relationship between load and contact area ratio at yield, for a 
constant yield stress 
Figure 6-29: Isotropic compression of 15% contact area specimens 
Figure 6-30: Axial strain versus load for 15% contact area specimens 
Figure 6-31 : Axial strain versus deviatoric stress for 15% contact area specimens 
Figure 6-32: Unconfined compressive strength and undrained stress paths for 15%
contact area specimens 
Figure 6-33: Undrained shear stage results
Vlll
Figure 6-34: Average axial strain versus excess pore pressure for 15% contact area 
specimens
Figure 6-35: Failure plane in 15% contact area specimen 
Figure 6-36: Shear stage results for test 3 (NMTWlf)
Figure 6-37: Shear stage results for test 4 (NMTWlh)
Figure 6-38: Drained shear stage results
Figure 6-39: Sketch of plastic deformation in 15% contact area specimen
Figure 6-40: Stress paths for 15% contact area triaxial suite
Figure 6-41 : Yield surface for chalk [Kâgeson-Loe, 1993]
Figure 6-42: Axial strain (%) contours for 15% contact area chalk specimens 
Figure 6-43 : Comparison of chalk deformation behaviour
Figure 7-1 : Comparison of intact chalk and a simple chalk rock mass
Figure 7-2: Comparison of intact and idealised chalk rock masses
Figure 7-3: Overall convex stress-deformation curve for a chalk rock mass
Figure B-1 : Location map of Needham Market Quarry, Suffolk
Figure B-2: Plan of Needham Market Quarry, showing face sampled
Figure B-3: Scanning electron micrograph of structured chalk
IX
LIST OF TABLES
Table 2-1 : Division of the Upper Cretaceous
Table 2-2: Classification scheme developed for chalk at Mundford, Norfolk
Table 2-3: CIRIA chalk grades based on discontinuity aperture [Mortimore, 1997]
Table 2-4: Comparison of CIRIA Grading matrix and Mundford Grading
[Mortimore, 1997]
Table 2-5: Field identification guidelines for CIRIA chalk density terms [Mortimore,
1997]
Table 2-6: Index properties for chalk [after Matthews, 1993]
Table 2-7: Discontinuity characterisation
Table 4-1: Summary of geological and geographical setting of chalk exposure data
(1 of 2)
Table 4-1 : Summary of geological and geographical setting of chalk exposure data
(2 of 2)
Table 4-2: Summary of field data of chalk exposure (1 of 3)
Table 4-2: Summary of field data of chalk exposui e (2 of 3)
Table 4-2: Summary of field data of chalk exposure (3 of 3)
Table 4-3 : Calibration results of instrumentation used in one-dimensional
compression tests
Table 4-4: Calibration results of instrumentation used in triaxial tests
Table 4-5 : Results of reduced contact area calculations
Table 5-1: Summary of laboratory tests
Table 5-2: Summary of one-dimensional compression tests on intact specimens
Table 5-3: Summary of one-dimensional compression tests on reconstituted
specimens
Table 5-4: Initial conditions of intact specimens
Table 5-5: Summary of shear test results for intact specimens
Table 5-6: Initial conditions of single planar discontinuity specimens
Table 5-7 : Summary of shear test results for single planar discontinuity suite
Table 6-1 : Summary of uniaxial compressive strength tests
Table 6-2: Data from the end of Phase 2
Table 6-3 : Data from the end of Phase 3
Table 6-4: Initial conditions of 15% contact area specimens
Table 6-5: Contact area at the end of the compression stage
Table 6-6: Summary of shear tests results for 15% contact area suite
Table 6-7: Deformation style during shear for the three triaxial suites
Table 6-8: Peak and residual undrained shear strengths for tests 1 and 2
Table 6-9: Comparison of stress ratio for all three triaxial suites
Table B-1 : Natural water content results for Needham Market chalk
Table B-2: Dry density results for Needham Market chalk
Table B-3 : Calculated porosities for Needham Market chalk
Table B-4: Calculated saturation moisture contents for Needham Market chalk
Table B-5 : Atterberg limit results for Needham Market chalk
Table B-6: Uniaxial compressive strength test results for 38mm and 50mm diameter
specimens of Needham Market chalk 
Table B-7: Slake durability test results for Needham Market chalk
XI
ACKNOWLEDGEMENTS
I would like to thank the Engineering and Physical Science Research Council for 
providing me with an opportunity to carry out this research. My thanks are also 
extended to the staff and the facilities of the Department of Civil Engineering, where the 
research was conducted. In particular I would like to say a big thank you to Professor 
Simons and to my supervisors Dr Susan Hughes and Professor Nooshin, whose advice, 
support and encouragement helped me to finish this work. Thank you. Sue, for making 
me able to see problems as challenges!
Huge thanks go also to Dr Nils Kâgeson-Loe from Norsk Hydro for all his support and 
advice. Thank you also to Professor Mike Gunn, from South Bank University, and to 
Dr Matthew Coop from City University.
Lastly to my husband. His love, support and constancy kept me going to the end and 
has helped me to achieve my dreams. Thank you David.
Xll
ABSTRACT
Chalk is a wealc rock that occurs extensively in the UK. The mechanisms which control 
the mass compressibility of chalk are not fully understood and hence current foundation 
design practice favours a conservative, and therefore costly, approach. This research 
aimed to investigate the factors which control mass compressibility in order to improve 
our understanding and hence improve foundation design methods. This was achieved 
by the development of a hypothesis which described aspects of the deformation 
behaviour of both intact and discontinuous chalk. The hypothesis was then validated by 
a laboratory investigation of an intact high porosity chalk, using one-dimensional 
compression and triaxial tests, followed by a study of discontinuous chalk, which 
represented an idealised rock mass.
The hypothesis, which was based on friction theory, indicated that the yield stress 
(strength) of the chalk was a material constant and was independent of the size of the 
chalk body. It also suggested that the primary control on mass compressibility was yield 
and failure of the asperities at the discontinuity boundary, with an associated increase in 
contact area and progressive discontinuity closure.
Recent work has found that it is possible to use a unifying framework, based on Critical 
State Soil Mechanics, to describe the deformation behaviour of intact, bonded materials, 
including chalk. This approach was adopted to describe the behaviour of the intact 
chalk. It was found that the intact chalk behaved, at low stresses, like an intact, elastic 
rock which was able to exist in stress states that were impossible for reconstituted chalk, 
due to the contribution of structure. The chalk was described by a double yield model, 
where first yield (linear limit) was associated with the onset of bond degradation and 
second yield marked pore collapse and the start of grain crushing. At large strains, 
beyond second yield, the chalk behaved as a particulate, gianular soil. The introduction 
of a smooth, planar discontinuity did not significantly alter the linear limit or yield 
surface from that found for intact chalk. It did cause a slight reduction in stiffiiess and 
an increase in accumulated strain.
A series of uniaxial compressive strength tests on discontinuous specimens of varying 
contact area ratios confirmed the hypothesis that the yield stress of the chalk was a 
constant. Inspection of the specimens and analysis of the results confiimed that asperity 
crushing, with the consequent change in contact area and discontinuity closure, had been 
key factors in the deformation behaviour. Specimens with a contact area in excess of 
51% demonstrated similar, limited axial strains, while those with a contact area of less 
than 44% demonstrated much larger axial strains. An empirical relationship was 
observed between both initial contact area and initial asperity height (aperture) and the 
amount of axial strain developed.
Triaxial tests on 15% contact area specimens identified a linear limit and yield surface 
similar to that of intact chalk. Much lower stiffnesses and larger accumulated strains 
were recorded. The differences observed in the behaviour were thought to be a function 
of the reconstituted chalk at the discontinuity boundary, which was created during 
discontinuity closure. The main factors which governed the mass compressibility of 
chalk were found to be material yield stress, true contact area ratio and discontinuity 
aperture.
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NOMENCLATURE
(listed in order in which they appear in thesis)
q — deviator stress
p ' = mean effective stress
V = specific volume
Dm = comminuted matrix >35%
Dc = comminuted matrix <35%
t = discontinuity spacing
Pd = dry density
n = porosity
e = void ratio
^sat = saturated water content
Gs = specific gravity
Wl liquid limit
Ip = plasticity index
h = liquidity index
O-c = uniaxial compressive strength
Et = initial tangent modulus
Esec — secant modulus
E = Young’s modulus
(T = axial stress
e — strain
07 = major principal stress
0*5 = minor principal stress
'^ P = peak shear stress
Cp' = cohesion intercept
Op' = peak normal (axial) stress
(pp - peak friction angle
Ovc = past maximum effective stress (preconsolidation pressure)
<Tv' = present effective stress
= shear stress
= noimal stress
= shear stress at failure
Pf = normal stress at failure
4 ' = critical friction anglec' cohesion
M = critical stress ratio
<!>' = friction angle
e = angle of slip (failure) plane to vertical axis
Em = mass stiffness
Ej = joint stiffness
El intact stiffness
Ed = discontinuity stiffness
j = rock mass factor
P ~ axial load
XIV
A = area of true contact ratio
P p i = intact peak axial load
A n = intact initial cross sectional area ratio
^ p i — intact peak axial stress
P m = intact residual axial load
O'/?/ = intact residual axial stress
P p = peak axial load
A i = initial tme contact ar ea ratio
CTp = peak axial stress
P f = failure load of asperities
A 2 = modified true contact area
CTR = residual axial stress
k = constant
Pr = residual load
A 3 = total cross sectional area
(Tv = vertical stress on specimen
P i = air pressure in upper chamber
P 2 air pressure in lower chamber
B a = cross sectional area of Belloffam diaphragm
L r = lever arm ratio
D = specimen diameter
L = specimen length
d = maximum grain diameter
A ' = area imaffected by proximity to surface
A s = total cross sectional area
A r = area of specimen face to be removed
w = groove width
X = number of grooves in x-direction
y = number of grooves in y-direction
A r = surface area to be removed
h i = initial asperity height
B = pore pressure coefficient
C v = compressibility of pore fluid
Q = compressibility of soil skeleton
u = pore pressure
C m = membrane correction
M m = modulus of neoprene membrane
= axial strain
htt = total membrane thickness
A c = corrected area
A o — original cross sectional area
A V — change in volume
Vo = original volume
A L = change in length/axial displacement
z = displacement along slip surface
f s = correction factor
£y = volumetric strain
O i ' = effective confining stress (effective minor principal stress)
CT/' = effective axial stress (effective major principal stress)
XV
K == constant
C = constant
m = constant
b = constant
(% == intermediate principal sti'ess
Tv == volume of voids
Vs = volume of solids
V = total volume of soil
Psv = density of water
Sr = radial strain
Pl := plastic limit
Id2 = slake durability index
Abbreviations
CSSM == critical state soil mechanics
CSL := critical state line
CIRIA == Construction Industry Research and Information Association
LL linear limit
Y yield
OCR := overconsolidation ratio
NCL = normal compression line
ICL = intrinsic compression line
SCL = sedimentation compression line
Hv = Hvorslev surface
R Roscoe surface
A/D = analogue to digital
d.c, = direct current
a.c. = alternating current
CIL = CIL Electronics Ltd
LVDT = linear variable differential transfoimer
UCS = uniaxial compressive stiength
BFL = brittle failure line
SEM = scanning electron micrograph
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1. INTRODUCTION AND SOME BASIC CONCEPTS
The U.K. chalk outcrop covers approximately 15% of the surface of England, and 
stretches from the south coast as far north as the East Riding of Yorkshire. There are 
also outcrops in Scotland and Northern Ireland. Consequently the solid geology of the 
south east of England is dominated by chalk. Engineering structures are often built 
within this heavily populated region, and so chalk is significant in foundation 
engineering terms. Thus an understanding of the mass compressibility characteristics is 
important in order to achieve effective foundation design. There are generally 
insufficient funds available in any one project to investigate the rock compressibility 
characteristics. Previous related work, from other geographical and geological settings, 
often is inappropriately applied across a spectrum of construction projects. The lack of 
site specific information on the stress-deformation behaviour of rock masses leads to a 
conservative approach. This may result in a piled foundation being used, for example, 
where a cheaper, shallow foundation would have sufficed [Brooks, 1983]. It is, 
therefore, of economic importance to understand the behaviour of weak rock masses in 
response to loading.
A natural rock mass generally comprises two components: intact rock and 
discontinuities, see Figure 1-1. Intact rock comprises bonded, continuous material and 
discontinuities are breaks in this continuum. The discontinuity size can vary from 
microscopic (pm) to macroscopic (km): the San Andreas fault, which runs for thousands 
of kilometres, is a type of discontinuity.
+
y
INTACT ROCK DISCONTINUITY ROCK MASS
Figure 1-1: Components of a rock mass
Previous research into rock behaviour has concentrated on either the intact material or 
the discontinuities. Studies of the sepaiate contribution of both to rock mass behaviour 
has been limited. The work on intact material has been approached from both the 
discipline of rock mechanics and soil mechanics. Very little has been done on 
discontinuous materials using theory and concepts of behaviour derived from soil 
mechanics. The literature indicates that some work has been done on mass yield 
behaviour, but the mechanisms affecting and controlling yield stress have not been fully _ 
investigated. It is clear that an understanding of the deformation behaviour of both the 
intact wealc rock and the discontinuities is essential before the compressional behaviour 
of the weak rock mass may be understood and hence more accurately predicted.
This research explores such behaviour of a naturally occurring weak rock. The weak 
rock chosen was chalk from Needham Market, near Ipswich, Suffolk. This is a high 
porosity (49.5% to 51.6%), low density (1.31Mg/m^ to 1.36Mg/m^) chalk. The yield 
stress of Needham Market Chalk is relatively low in rock mechanics terms, with a value 
of approximately 1 200kPa in uniaxial compression.
1.1 Weak Rocks
"Soil is a natural aggregate of mineral grains that can be separated by such gentle 
mechanical means as agitation in water. Rock, on the other hand, is a natural aggregate 
of minerals connected by strong and permanent cohesive forces. Since the terms 
"strong" and "permanent" are subject to different interpretations the boundary between 
soil and rock is necessarily an arbitrary one." [Terzaghi & Peck, 1948].
Weak rocks are at this boundary between soils and rocks. They comprise one part of the 
geomaterial spectrum which ranges from weak soils such as recent fluvial deposits to 
strong rocks such as granite, see Figure 1-2. A material composed of separate grains is 
considered to be particulate, while one composed of grains which are stuck together by 
some means is bonded. Both particulate and bonded materials can be described as 
possessing fabric, which describes particle arrangement. In some materials, the inter­
particle bonding is provided by cement, and the material is said to have undergone
cementation. Historically, natural soils have been analysed as particulate materials 
while rocks have been considered to be bonded.
In simple terms, the strength of a material is the maximum or peak shear stress it can 
sustain and its stiffness is the ratio of changes of stress and strain. These terms quantify 
the maximum stress and type of deformation a material experiences prior to and at 
failure. Material strengths are generally defined in terms of unconfined compressive 
strength. Weak rock is defined as any rock with a strength of between 1 250kPa and 
5 OOOkPa. Soils are defined as having a strength of less than 1 OOOkPa and may have a 
strength in the region of only 5kPa, as in the case of normally consolidated estuarine 
clays, or may be very strong as in the over-consolidated London clay, which has a 
typical strength of 1 OOOkPa. This is close to the strength of weak rocks. Strong rocks 
can have strengths in excess of 200 OOOkPa, for example granite [BS 5930, 1981].
SOIL M E C H A N IC  «
Structured; J vreconstituted
UCS (MPa)*
remoulded clay London clay
* BS 5930, 1981
Figure 1-2: The geomaterial spectrum
Two disciplines have developed to describe the behaviour of natural materials, namely 
soil mechanics and rock mechanics. These two disciplines have developed largely in 
parallel and consequently the relevance of investigating the behaviour of rocks, using 
concepts derived from soil mechanics, has not been fully appreciated. Weak rocks fall 
at the boundary between the two disciplines and so knowledge and understanding of the 
behaviour of both soils and rocks is necessary in order to understand their behaviour. 
Recent research carried out on naturally occurring materials has highlighted some
similarities between soil and rock behaviour. This would suggest that the application of 
theories and concepts from soil mechanics to describe rock behaviour may be valid.
1.2 Historical Background
Limited research has been conducted on weak rocks themselves, but relevant work 
exists in both disciplines of soil and rock mechanics. Soil mechanics is a relatively old 
subject, in which three periods of development can be identified:
1. The first period extended from the end of the 17**^ century to the beginning of the 20^ *^  
century. In this early period the central problem was earth pressure. Research on the 
subject culminated in Coulomb’s famous essay [Coulomb, 1773]. The next 
important advance was the study of clay slope stability [Collin, 1846]. Little advance 
was made in soil mechanics for almost 80 years, apart from Rankine’s conjugate 
stress theory [Rankine,1857], work on elasticity theory related to foundation 
problems [Boussinesq, 1885], and research by Atterberg into the plasticity of soil. 
This resulted in the development of the liquid and plastic limit test (also known as 
Atterberg limits), used in this research [Blackall, 1952].
2. The second period is known as Classical Soil Mechanics and was founded on the 
work of Terzaghi [e.g. Terzaghi, 1925; Terzaghi & Peck, 1948]. He developed the 
theory of one-dimensional consolidation which led him to the concept of effective 
stress. From 1925 to 1929 he worked at the Massachusetts Institute of Technology 
and during this time the first triaxial compression device was developed.
3. The third period dates from 1960s and was the birth of the marriage of soil 
mechanics, rock mechanics and geology. This new subject was termed 
geotechnology and had soil mechanics as its heart [Glossop, 1968]. During this same 
period research was being undertaken at Cambridge which led to Critical State Soil 
Mechanics theory [Roscoe, 1964]. Geotechnology, or geotechnics, draws heavily on 
the concepts and theories developed in the previous two periods of soil mechanics 
and, along with critical state soil mechanics, is the starting point of this research.
Although this third period of soil mechanics introduced an integrated approach to 
ground related engineering, the disciplines of geology, soil mechanics and rock 
mechanics continued to develop largely separately. Rock mechanics, with its associated
principles and applications, has been a discipline in its own right for about 35 years |
[Hudson, 1989]. It largely developed from a need of the mining industry to understand 
the behaviour of rocks. Historically rock mechanics has analysed rocks as an elastic 
continuum of intact rock and dealt separately with discontinuities. Soil mechanics has 
analysed soil behaviour by considering particulate materials only.
The conceptual framework of Critical State Soil Mechanics (CSSM) [Roscoe et al.,
1958: Schofield & Wroth, 1968], was developed to describe the behaviour of natural 
soils. It was based on experimental work on particulate, reconstituted clays and sands 
and has become widely accepted as a model of both reconstituted and undisturbed soil 
behaviour. CSSM brought together the characteristics of shear strength and 
deformation. Laboratory observations demonstrated that a characteristic surface existed 
which limited all possible states of a clay. It was also found that all effective stress 
paths reached or approached a line on that surface. This Critical State Line (CSL) was 
considered to define the state at which the clay would continue to yield at constant 
volume, under constant effective stress. This concept was extended for three 
dimensional states of stress, by using three parameters - deviatoric stress, q, mean 
effective stress, p', and specific volume, v (Appendix A), see Figure 1-3. Stress states in 
this research will use the parameters deviatoric stress and mean effective stress.
When a material first forms it has an initial porosity, porosity is a measure of the amount 
of voids in a unit volume of material (Appendix A). With time the material undergoes 
physical and chemical changes in response to stress variations. This is known as the 
material’s stress history. CSSM introduced the concept of yielding to describe the 
effects of stress history in sedimentary clays. Yielding is demonstrated by a 
discontinuity in stress-strain behaviour under monotonie stress changes [Leroueil &
Vaughan, 1990]. Beyond the yield point, a material undergoes irreversible changes in 
stiffness and strength.
Recent work has found that the behaviour of natural soils can be described by CSSM, 
although aspects of their behaviour do not frilly match CSSM [Cuccovillo, 1995;
Leroueil & Vaughan, 1990; Burland, 1990]. Prior to this it had been generally accepted 
that this framework fully described the behaviour of many natural soils.
q'
CRITICAL STATE LINE
N O RM AL C O N S O LID A T IO N  LIN E
T E N S IO N  C U T  .  , O F F  Y
R O SC O ESURFACE
HV ORSLEV^SU RFA C E
Figure 1-3: Critical State concepts
The contribution that bonding or cementation made to strength and stiffness of a 
material was considered to be a characteristic of rocks only, and not of soils. Yet this is 
not the case.
It has been found that natural soils possess characteristics which are the result of 
processes undergone during their geological history. Such characteristics are not present 
in reconstituted soils. The term structure was introduced for natural clays to describe 
these characteristics. It was identified as the combination of fabric and bonding 
[Burland, 1990]. Structure in sands was found to be associated more with cementation 
than fabric. This recent work marks the first time that bonding has been considered to 
have a major influence on the behaviour of soils, and brought the disciplines of both soil 
and rock mechanics closer together.
It is now recognised that soils have components of strength and stiffness that cannot be 
accounted for by porosity and stress history alone [Leroueil & Vaughan, 1990]. Soils 
are seen to exist outside stress states permitted by CSSM theory, due to the presence of
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structure. This is clearly seen when the behaviour of natural soils and reconstituted soils 
is compared (see Figure 2-12 in Chapter 2).
Similarities in behaviour have been observed for soils and rocks, whose strength 
differed by more than 300 times [Leroueil & Vaughan, 1990]. Clearly, the influence of 
structure on the behaviour of natural, bonded materials needs to be quantified and 
understood in order that it may be included in the design process. In this way more 
accurate predictions of natural material-structure performance may be made.
The classical rock mechanics approach states that most intact rock can be considered as 
a stiff elastic or pseudoelastic material with a low Poisson's ratio (Appendix A) [Barton, 
1986]. The compressibility of weak rock masses, such as mudstone and chalk, is 
significant in engineering terms and is thought to be dominated by the behaviour of the 
discontinuities contained within them. Yet most laboratory tests carried out on rocks 
use intact samples only, which is not appropriate for the quantification of the mass 
compressibility.
Discontinuities, or joints, see Figure 1-4, play a fundamental role in the behaviour of 
rock masses. They provide most of the weakness, deformability and conductivity of 
typical rock systems since joints have a much lower stiffness than intact rock. Closure, 
shear and dilation are the components of joint behaviour that govern of rock masses 
[Barton, 1986].
Much of the published work on discontinuities has concentrated on shear properties and 
strength since these dominate the behaviour of rock masses in certain engineering 
situations e.g. tunnelling and mining [Bandis et al., 1983]. These properties are also 
important across a range of situations if the rock mass contains many inclined 
discontinuities. Rock masses, such as chalk, however, contain discontinuities that are 
largely parallel and perpendicular to the ground surface, and here closure is considered 
to be of greater importance [Matthews, 1993].
Asperity Void/Water/Infill
Rock
Rock
Figure 1-4: Idealised discontinuity
Large scale field tests are used in order to quantify the behaviour of a representative 
volume of the rock mass in situ. These tests are expensive and so are used sparingly, 
but the results should not be generalised and applied to other locations since the 
mechanisms controlling compressibility are not well understood and no two sites are 
identical. The primary field test used to assess the compressibility of rock masses is the 
plate loading test. Tests have been carried out on strong rock masses such as limestone 
and sandstone. The results generally show linear or markedly concave load settlement 
curves (see Figure 2-23a in Chapter 2) with normal closure of the discontinuities 
perpendicular to the direction of loading [Zienkiewicz & Stagg, 1965; Hobbs, 1973; 
Bandis et al., 1983]. When plate loading tests are carried out on weak rocks with 
similar discontinuity patterns, such as chalk, markedly convex curves are produced (see 
Figure 2-23b) [Ward et al., 1968, Burland & Lord, 1970, Matthews & Clayton, 1992, 
Matthews et al,, 1993, Matthews, 1993]. The reasons for the differences in behaviour 
between strong and weak rock masses is not fully understood. The results of plate 
loading tests are a combination of behaviour of both the intact material and the 
discontinuities. The contribution each component makes to the total deformation is 
unknown.
Recent work has continued to bring soil mechanics and rock mechanics closer together 
[Cuccovillo & Coop, 1993; Chui & Johnston, 1984]. Workers have attempted to fit the 
behaviour of intact weak rocks, such as chalk, and bonded materials within the CSSM 
framework with some success [Leddra, 1990; Kâgeson-Loe, 1993]. From this body of 
work it has become apparent that critical state concepts do go some way to describing 
the behaviour of intact bonded materials in response to variations in stress regime. It
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has thus been possible to approach a unified conceptual model that describes the 
compressional behaviour of intact soils and rocks. To the author’s knowledge, no work 
has been carried out on the behaviour of rock masses which uses this model for the 
intact component.
1.3 C urrent W ork
The objective of this research was to investigate the factors which control the mass 
compressibility of a weak rock, using concepts derived from recent work on bonded 
materials and knowledge of rock mechanics. The work is presented as follows:
• CHAPTER 1: This outlines the objectives of the research and introduces the subject 
of rock mass compressibility. It also briefly describes some previous work and 
introduces the basic concepts of soil mechanics and rock mechanics. The position of 
weak rocks in the geomaterial spectrum is also described.
• CHAPTER 2: This contains a review of previous work carried out in the field of 
soil mechanics, rock mechanics and bonded material research, which is relevant to 
weak rock studies. It highlights the pertinent literature and focuses on gaps in the 
research carried out to date.
• CHAPTER 3: A hypothesis for the deformation behaviour of intact and 
discontinuous chalk is developed here, using friction theory as its basis.
• CHAPTER 4: The fieldwork is described here from which Needham Market Quarry 
was chosen as a potential source of chalk. This chapter also details the laboratory 
testing programme and methodolgy used for this research. The design and 
construction of all aspects of the laboratory equipment are also described. The high 
stiffness of the chalk pre-yield and the small strains observed at yield meant that local 
axial strain measurement was essential in order to accurately record the deformation 
behaviour of the chalk. The construction of the whole system required the design, 
manufacture and testing of several components to ensure accurate and appropriate 
testing techniques.
• CHAPTER 5: One-dimensional compression tests and high pressure triaxial 
compression tests were performed to investigate the yield and deformation behaviour 
of the Needham Market chalk. The one-dimensional testing observed the behaviour 
of both intact and reconstituted chalk. The triaxial testing started with an 
investigation of the intact material behaviour, progressing to samples containing a 
single, smooth discontinuity, which were fashioned into the chalk samples. The 
results were described using the concepts from recent work on bonded material.
» CHAPTER 6: A suite of unconfmed compressive strength tests were carried out in 
order to investigate the influence of changes in contact area on the compressional 
behaviour of the chalk. This was followed by a suite of high pressure triaxial tests on 
idealised discontinuities with reduced contact area ratios. In this way the high 
pressure triaxial experimental work investigated the spectrum of weak rock 
behaviour from that of the intact material through to an approximation of rock mass 
behaviour.
• CHAPTER 7: This covers the conclusions of this study and recommends areas 
where this field of research may be extended and continued.
• APPENDIX A: Definitions and formulae that support this reseai'ch are contained 
here.
• APPENDIX B: This describes the location of Needham Market Quarry and the first 
stage of the laboratory experimental work, which comprised a uniformity assessment 
of the chalk. Many workers have used artificial cemented materials for their 
experimental work since factors such as grading, degree of bonding and specific 
volume could be controlled. However a naturally occurring material was used for 
this research since this was more representative of in situ conditions. It was essential 
to use a material that was compositionally uniform in order to ensure specimen 
repeatability between tests.
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2. PREVIOUS STUDIES OF NATURAL MATERIALS
2.1 Chalk
Chalk is a white, soluble, generally friable sedimentary rock that is composed almost 
exclusively of calcium carbonate and as a result it has been considered to be a uniform 
material. Most white chalk in the U.K. (Middle and Upper Chalk) has a uniform 
composition but has a wide range of porosities, from 9% to 52%, which is the result of 
geological history, comprised of deposition, diagenesis, tectonism and weathering. An 
example of a chalk exposure is shown at the front of this thesis.
This chalk exposure is typical of much of the chalk in the U.K. in that it is characterised 
by sub-horizontal bedding discontinuities and several sets of near vertical 
discontinuities. This pattern has been found to be fairly uniform for chalk in a given 
tectonic environment, see Chapter 4. The number of discontinuity sets, their spacing 
and persistence can produce a highly non-uniform rock mass. Discontinuity patterns 
may be predicted with reasonable accuracy from knowledge of the stress regime 
operational at the time of their formation; persistence and spacing cannot.
2,L I Deposition and Diagenesis
Chalk in the U.K. was deposited approximately 100 million years ago, during the Upper 
Cretaceous Period. The word "chalk" comes from the Latin word Creta. At the 
beginning of Upper Cretaceous times there was a widespread marine transgression. At 
its maximum extent this transgression produced the greatest proportion of sea relative to 
land on the Earth’s surface since Palaeozoic times (600-225 million years ago). The 
Upper Cretaceous is divided into six stages, which are shown in Table 2-1.
Cenomanian chalks display the greatest compositional variation, are usually greyish 
white and are typified by rhythmical beds of chalky limestones alternating with 
interbedded marls. The early stages of the Alpine orogeny produced the depositional 
basin in which the chalk formed. The interbedded sequences were due to large volumes 
of clay minerals and other clastic material brought into the basin. A sea level rise
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STAGE ZONE
Maastrichtian
Upper
Chalk
Belemnitella lanceolata
Senonian
Campanian
Beiemnitella mueronata
Actinocamax quadratus
Santonian
Marsupites testudinarius
Micraster coranguinum
Coniacian Micraster cortestudinarium
Holaster planus
Turonian Middle
Chalk
Terebratulina lata
Rhynchonella cuvieri
Cenomanian LowerChalk
Holaster subglosus
Schloenbachia varians
Table 2-1: Division of the Upper Cretaceous
followed and the amount of terrestrially derived material reduced. The chalks deposited 
during the Turonian and Senonian comprised pelagic material, derived mainly from 
planktonic algae which occurred mostly as individual tiny plates (micron-sized) or as 
coccoliths [Hancock, 1975]. These chalks generally consist of more than 96% calcium 
carbonate.
The carbonate mud from which chalk formed may have been deposited with 70% to 
80% porosity [Scholle, 1977]. What happened after deposition is not clear since the 
nature of chalk diagenesis is not fully understood. This is mainly due to the lack of 
modem day analogues on which to base a hypothesis that adequately accounts for the
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variation in chalk fabric which is observed. Modem carbonate oozes are derived mainly 
from material that is composed of aragonite and/or high magnesium calcite (>5mole% 
of MgO in CaCo3 lattice) whereas chalk comprises low magnesium calcite [Scholle, 
1977]. These differences in mineralogy affect how the oozes respond to burial. 
Aragonite and high magnesium calcite are susceptible to dissolution and precipitation 
processes whereas low magnesium calcite is resistant to chemical alteration and 
compaction during the early stages of burial [Kâgeson-Loe, 1993].
Chalk oozes that contained a limited amount of shelly material could develop cemented 
fabrics during the early stages o f burial due to sea water flow which caused the 
dissolution and re-precipitation of the less stable calcite polymorphs (aragonite and high 
magnesium calcite). In these cases the lithified sediment retained the high porosity 
(approximately 40%) which was present during the early stages of burial, since the 
bonded fabric could resist further gravitational compaction [Mortimore & Fielding,
1990]. The unstable polymorphs may then have been re-precipitated, due to temperature 
and/or pressuie, as the more stable low magnesium calcite. An extreme example of this 
contemporaneous lithification are extensive zones within the chalk with markedly 
reduced porosities, typically 1 0 % to 15%, known as hardgrounds and which are used as 
marker beds. They were formed when the carbonate mud was exposed on the sea bed 
during a depositional hiatus. The muds were subjected to intense bioturbation by 
creatures on the sea bed and significant cementation occumed, which led to a reduction 
in porosity. These hardgrounds also differ in chemical composition from the other 
chalks. This is a reflection of the chemical composition of shells from the creatures 
which lived on the sea bed during deposition [Mortimore, 1990].
If the unstable polymorphs of calcite were not present during the early stages of burial 
then the carbonate mud merely compacted under gravity until an interlocking fabric 
developed with a porosity of as little as 5% [Scholle, 1977]. The porosity of this fabric 
depends on a number of factors such as:
• degree of compaction
• ability of pore fluids to drain fr om the sediment
• shape and size of grains
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• volume of clay minerals in the carbonate mud
Therefore a variety of fabrics occur in chalks found today, from indurated hardgrounds, 
to high porosity chalks where bonding is restricted to spot welds at point contacts, to 
soft, unbonded chalks with locked granular fabrics [Mortimore & Fielding, 1990].
2.1.2 Tectonism
Chalk found near ground surface is often highly fractured as a result of weathering and 
tectonism. Faults are rare in chalk except in areas affected by intense tectonic activity. 
Discontinuities at depth are generally associated with tectonism and the mode of their 
occurrence is controlled by local and regional stress regimes associated with the Alpine 
orogeny. This orogeny is thought to have started as early as the Jurassic (195 million 
years ago) and is still not completely finished today. The centre of this orogeny was in 
continental Europe and so its influence decreases northwaids in the U.K. The only areas 
to be affected by complex structural movements are south Dorset, the Hog’s Back, 
Surrey and the Isle of Wight, where faults are frequent and the discontinuity pattern is 
complicated. Primary discontinuities, those which result from deposition and tectonism, 
are reasonably uniform within a given tectonic environment [Matthews, 1993]. 
However, in areas significantly affected by Alpine tectonism large variations in porosity 
have been found within the same stratigraphie horizon over distances of just a few 
kilometres [Matthews & Clayton, 1987].
2.1.3 Weathering
Physical and chemical weathering has a profound affect on the structure of a chalk rock 
mass. Generally, the weathering profile for chalk is typified by structureless chalk, near 
ground surface which overlies structured chalk. As the name suggests, structureless 
chalk contains no discernible discontinuities. Structured chalk contains discontinuities; 
as the depth below ground level increases, the discontinuity spacing increases while 
both the aperture and fill decrease. Discontinuities found near the ground surface tend 
to be associated with weathering processes which are described below. Weathering is
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most clearly developed in low porosity chalk and is relatively inconspicuous in weak 
(high porosity) chalks [Williams, 1987].
Stress relief is a weathering process which results in the development of cracks within 
rocks, in response to a reduction in confining stress which may be due to erosion or 
uplift [Gilbert, 1904]. It is manifested in the formation of new fractures and in the 
increase in aperture of pre-existing discontinuities. In brittle rock, such as chalk, stress 
relief produces joint-like fractures that are generally sub-parallel to the local topography, 
local in extent and contain little or no infill.
High porosity chalks and other rocks which exhibit creep behaviour tend to deform in 
response to gradual stress changes and so stress relief discontinuities are not well 
developed. Porosity in chalk influences its brittleness and so, in turn, influences the 
style of discontinuities. Bedding is the main control of stress relief fracturing in chalk 
[Fookes & Denness, 1969].
The weathering profile is dominated by the effects of intense freezing and periglacial 
activity during the Pleistocene (approximately 10 000 years ago). This resulted in the 
mechanical disintegration of the chalk via the generation of new fractures, opening of 
existing discontinuities and the breakdown of rock material. The whole of the chalk 
outcrop in the U.K. has been affected by frost action, but the South of England was most 
seriously affected. This produced structureless and frost shattered chalk, which is 
closely to very closely jointed, and can extend to depths in excess of 15 m below ground 
level.
Solution weathering in chalk is where carbonate ions are removed in an open system. 
The amount o f dissolution is controlled by factors, such as porosity, temperature, degree 
of saturation and supply of water and carbon dioxide. Dissolution widens the aperture 
of existing discontinuities and changes discontinuity surface topography. It tends to 
remove surface unevenness and reduces the degree of contact between discontinuity 
walls. Dissolution appears to most affect those discontinuities parallel to bedding, 
where the bedding is almost horizontal and results in rounded surface topographies with 
rounded asperities. It produces features such as caves, dolines and sink holes, which can
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be a hazard to foundation stability. The processes described previously produce a 
characteristic weathering profile for the chalk. This is shown in Figure 2-1.
FFtop soil
Structureless melange,.»., o
angular chalk blocks ^Structureless chalk
and fragments set In ^5^ O  Matrix supporteda matrix of remoulded 
putty chalk.Bedding and pointing are absent — •The size of chalk fragments Increases with depth and grades Into structured ctialk
With depth:
fracture spacing Increases 
Aperture decreases 
amount of Infill decreases
Clast supported
Structured chalk
Friable to rubbly chalk.Bedding and jointing present. 
Fractures are closely spaced 
and generally Infilled with ,___ soil and chalk fragments.^ — —
—  IBlocky to massive chalk Fractures are widely spaced and generally tight
Figure 2-1: Typical weathering profile for chalk [Matthews, 1993]
2.1.4 Classification Schemes
There are two main schemes in existence to describe and classify chalk for engineering 
purposes. These are the recent CIRIA classification and the older Mundford grading 
[Lord et al., 1994; Ward et al., 1968].
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The Mundford grade classification scheme was based largely on different weathering 
zones. It was developed as part of a ground investigation for a large proton accelerator 
at Mundford, Norfolk [Ward et ai., 1968]. The site was geologically logged and a 
scheme devised to describe the varying nature of the chalk observed. The chalk was 
divided into five visual grades based on weathering, the hardness of the chalk, spacing, 
orientation, and tightness of the discontinuities and was intended to be relevant only to 
the ground conditions at Mundford. However, this scheme has formed the basis for 
most site descriptions of chalk to the present day, despite the fact that it is site specific 
and so is inappropriately applied to other, different geographical and geological settings. 
The classification scheme is shown in Table 2-2.
GRADE DESCRIPTION ZONE
V Structureless melange. Unweathered and partially weathered angular chalk blocks and fragments set in a 
matrix of deeply weathered remoulded chalk. Bedding 
and jointing are absent.
A
B
IV
Friable to rubbly chalk. Unweathered or partially 
weathered chalk with bedding or jointing present. 
Joints and small fractures closely spaced, ranging from 
1 cm - 6  cm apart. Joints commonly open up to 2 cm 
and infilled with weathered debris and small 
un weathered chalk fragments.
C
III Rubbly to blocky chalk. Unweathered medium to hard chalk with joints 6  cm - 20 cm apart. Joints open up to 
0.3 cm, sometimes with secondary staining and 
fragmentary infilling.
C
II
Medium to hard chalk with widely spaced, closed 
joints. Joints >20 cm apart. When dug out for 
examination this material fractures irregularly rather 
than pulling away from joint faces. Most of the chalk 
of the Lata and Planus zones, where unweathered, fall 
within this grade.
D
I
Hard, brittle chalk with widely spaced, closed joints. 
Details as for Grade II but the chalk is harder. 
Hardgrounds, such as the Chalk Rock, and other 
partially recrystallised beds, together with tougher, 
shell-rich beds where secondary iron cementation has 
hardened the material, all fall within this grade.
-
Table 2-2: Classification scheme developed for chalk at Mundford, Norfolk
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The zones to which the grades are related can be seen in Figure 2-1. Grade I is defined 
on the basis of lithology and not weathering. Zones A and B are significantly influenced 
by frost action and within Zone C, the effects of frost action reduce and those of stress 
relief become more dominant. In Zone D, the effects of stress relief dominate. The 
weathering zones may be determined by rock mass structure (presence of bedding and 
discontinuities), discontinuity spacing and discontinuity aperture and infill. There is a 
transition from unstructured to structured chalk and an increase in discontinuity spacing 
with depth. The boundaiies between different weathering zones are gradational, see 
Figure 2-1, and their spatial distribution is determined by local conditions and 
geological history.
The CIRIA classification scheme recommends that the classification of chalk should be 
based on the intact dry density o f chalk, typical discontinuity aperture and the typical 
discontinuity spacing since, in foundation design, the openness of discontinuities has 
been identified as the most important engineering parameter. The CIRIA scheme is 
therefore based on the openness of joints, see Table 2-3. Grade A is closed, tight 
discontinuities, and the B/C boundary is where the aperture is 3 mm. Destmctured 
chalk is classified as Grade D. This classification is not intended to replace a full field 
description of chalk material and fabric [Lord et al., 1994].
The CIRIA classification provides a more flexible grouping of chalk engineering grades 
than that of Mundford. A comparison of both classification schemes is given in Table 
2-4.
CIRIA Chalk Grade Typical discontinuity 
aperture
Subdivision
Grade D Structureless or remoulded Dm = comminuted matrix
Dm melange > 35 % (matrix dominated)
Dc Dc = comminuted matrix < 
35 % (clast dominated)
Grade C > 3 mm suffix 1 to 5
Grade B < 3 mm suffix 1 to 5
Grade A Closed suffix 1 to 5
Chalk Grades A to C are further divided using discontinuity spacings, t [BS 5930:1981]
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Suffix Typical discontinuity spacing
1 t > 600 mm
2 2 0 0 < t < 600 mm
3 60< t < 2 0 0  mm
4 2 0  < t < 60 mm
5 t < 2 0  mm
Table 2-3: CIRIA chalk grades based on discontinuity aperture [Mortimore,
1997]
Intact dry density descriptors have been used to identify different categories of chalk 
material in the field. These descriptions have then been checked against laboratory 
measurements of intact dry density. Inconsistencies were found between field 
descriptions and intact dry density laboratoiy results using the CIRIA scheme of 
descriptions. The field descriptions were modified and an attempt was made to relate 
these descriptions to BS 5930 strength descriptions of soils and rocks. This work 
resulted in a field descriptive scheme, which is shown in Table 2-5.
2.1.5 Mechanical Properties
Chalk, although compositionally uniform, can vary from a very soft material, with an in 
situ water content that exceeds its remoulded liquid limit, to a strong limestone. 
Mechanical properties of intact chalk, such as strength and stiffness, appear to be related 
to porosity. Saturation moisture content also may be related directly to porosity for 
rocks with a relatively uniform composition. The strength and stiffness of intact chalk 
can vary by as much as two orders of magnitude. Typical index properties for chalk are 
listed in Table 2-6.
A good correlation between intact dry density and strength has been observed for white 
(Turonian and Senonian) chalks, which includes Needham Market chalk [Mortimore & 
Fielding, 1990]. Dry density, pd-> and porosity, n, are related, see Appendix A and B, 
and so it is possible to correlate porosity with strength, see Figure 2-2a. It can be seen
19
STRUCTURELESS CHALK
CIRIA
Grade
Mundford
Grade
Comminuted chalk 
matrix
Coarser fragments 
(sand size or larger)
Dm VI > 35 % <65%o
Do V < 35 % >65%o
STRUCTURED CHALK
Typical discontinuity 
aperture/infill
Typical discontinuity 
spacing
C5 IV open > 3 mm or filled < 2 0  mm 
extremely close
C4 IV 20-60 mm 
very close
C3 III/IV 60-200 mm 
close
0 2 - 200-600 mm 
medium
Cl - > 600 mm 
wide
B5 - Open < 3 mm or heavily 
stained or clay smear ed
< 2 0  mm 
extremely close
B4 iim v 20-60 mm 
very close
B3 III 60-200 mm 
close
B2 ii/iii 200-600 mm 
medium
B1 - > 600 mm 
wide
A5 - Closed or clean < 2 0  mm 
extremely close
A4 - 20-60 mm 
very close
A3 II/III 60-200 mm 
close
A2 II 200-600 mm 
medium
A1 II > 600 mm 
wide
Note: There are no equivalent Mundford grades for some CIRIA Grades. Mundford Grade I is only 
applied to high and very high density chalk.
Table 2-4: Comparison of CIRIA Grading matrix and Mundford Grading
[Mortimore, 1997]
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CIRIA density 
term
Low Medium High Very High
Intact Dry Density 
Mfi/m^
<1.55 1.55-1.70 1.70-1.95 >1.95
Approximate UCS 
at natural 
moisture content
m nW
<3 3-5 5-10 >10
Ease of breaking 
fragmente
Medium gravel 
sized fragments 
crushed between 
finger and thumb, 
and remoulded to 
form putty
Medium gravel 
sized fragments 
cannot be crushed 
between finger and 
thumb Medium 
and coarse gravel 
sized fiagnents can 
be broken in half 
using both hands
Only thin slabs, 
comers or edges 
can be broken ofif 
coarse gravel sized 
fi-agments with 
great difiSculty 
using both hands
Cannot be broken . 
by hand. Coarse 
gravel and cobble 
sized fiagments can 
be broken by 
hammer blows 
when held in palm 
of the hand
Hitting with 
geological pick 
(old blunt and not 
anew sharp pick) 
an insitu exposure 
or cobble sized 
fragments resting 
on a solid surface
pick end penetrates 
very easily 
(>20mm) and 
generates 
considerable 
spladies of putty
Penetrates >10mm 
Blunt 15mm 
Sharp 20mm 
no splashes, 
powdery
Penetrate 1-lOmm Penetrates <lmm
Penetration of a 
6” nail when hit 
with three taps of 
a geological pick
>25rom 20-25mm
10-25mm
1-lOmm and hurts 
hand
<lmmorno 
penetration and 
hand holding nail 
hurts!
BS Strength 
Terms
Very weak and 
Very Weak to 
Weak
Weak Moderately Weak Moderately weak 
to moderately 
strong
Table 2-5: Field identification guidelines for CIRIA chalk density terms
[Mortimore, 1997]
that strength and dry density increase as porosity decreases. Porosity also correlates 
with stiffness moduli, see Figure 2-2b. Strength is also sensitive to water content. 
Generally wet (natural water content or saturated) strength is about 40% to 50% of its 
dry equivalent [Colback & Wild, 1965].
Porosity also influences yield stress, the higher the porosity the lower the yield stress. 
Some results for one dimensional compression tests conducted on chalk are shown in 
Figure 2-3. From this it can be seen that high porosity chalks demonstrate relatively 
high stiffness until the yield stress. Beyond this point there is a marked change in 
gradient which results in a large reduction in stiffness.
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Property Symbol Units Value
Dry density P d % 1.29 -2.46
Porosity n % 9.00 - 52.00
Void ratio* e - 0 .1 0 - 1 .0 0
Saturated moisture 
content
^sat % 4.00 - 40.00
Calcium carbonate 
content
- % 55.00 - 99.00
Specific gravity G, 2.69-2.71
Liquid limit W l % 18.00-53.00
Plasticity index 4 % 4.00 - 30.00
Liquidity index h -2.25 - +2.50
Uniaxial
compressive
strength CTc
MPa 0.30 - 22.00
Initial tangent 
modulus Et GPa 4.60-13.90
Secant modulus Esec GPa 0.17-15.00
’ calculated from  dry density  assum ing Gs =  2 .70
[D ata taken from: M asson, 1973; Bell, 1977; B onvallet, 1979; C layton, 1983; W oodland e t al., 1988; Bell e t al., 1990; Blight, 
1990; C layton & Saffari-Shooshtari, 1990; Kroniger, 1990; M ortim ore &  Fielding, 1990; N ienhuis &  Price, 1990; Varley, 1990]
Table 2-6: Index properties for chalk [after Matthews, 1993]
In uniaxial compression the stress-strain behaviour of chalk is approximately linear until 
yield and failuie are approached. At failure, which may be taken to be coincident with 
yield, the chalk strain softens to a very low residual stress. This is typical brittle 
behaviour in rock.
One dimensional compression tests conducted on intact chalk indicate that initial stress- 
strain behaviour is linear elastic which is then followed by yield, with an associated loss 
of stiffness. This is thought to be related to the onset o f pore collapse. As the applied 
stress increases, an almost constant, but low stiffness results due to progressive pore 
collapse. At larger strains the stiffness then increases (strain hardening), which is 
thought to be associated with the mechanical interaction of essentially uncemented
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Figure 2-2: Relationships between uniaxial compressive strength, dry density and 
stiffness with porosity [after Matthews, 1993]
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Figure 2-3: One-dimensional compression tests on chalks of different porosities 
[after Petley et al., 1993]
grains. At large strains, post yield the chalk behaves like a granular material [Matthews 
& Clayton, 1992].
The deformation behaviour of chalk in triaxial shear has been described using a double 
yield model, first devised for structured soils [Vaughan, 1988]. At low stresses the 
chalk has been observed to behave as an intact poro-elastic rock. The limit of elastic 
behaviour was delimited by an elastic limit yield point and this was thought to represent 
the start of progressive compressive failure in the bonded fabric. At stresses beyond this 
first yield point stiff behaviour continued until yield of the remaining pore fabric 
occurred and compaction of the uncemented grains ensued, this was the second yield 
point. Thus the chalk was observed to change from a bonded, intact rock to an 
uncemented, normally consolidated sediment [Addis, 1987; Leddra, 1990; Kageson- 
Loe, 1993].
2,L6 Chalk Rock Masses
A chalk rock mass, like all rock masses, comprises intact material and discontinuities. It 
is composed of intact weak rock and discontinuities that are generally perpendicular and 
parallel to bedding. Chalk masses exhibit a relatively high stiffness at low stresses but
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as the applied stress increases the material yields and the stiffness drops, by up to 1 0 0  
times for high porosity chalks [Matthews et al., 1993]. This occurs at relatively low 
applied stresses for near surface, fractured chalk. Yielding may he associated with local 
yielding of asperities at the discontinuity faces and pore-structure collapse within the 
intact material [Matthews & Clayton, 1992]. This indicates that the intact material 
undergoes yield. In addition, there is crushing which occurs at the discontinuity 
boundaries [Ward et al., 1968; Burland & Lord, 1970;]. High porosity chalk masses are 
generally more compressible than those of low porosity.
Very few records exist which catalogue the behaviour of foundations on chalk and a full 
discussion of them can be found elsewhere [Matthews, 1993]. One famous case history 
is that of two loading tests conducted as part of the ground investigation at Mundford, 
Norfolk [Ward et al., 1968]. The results for the tests indicated that the vertical 
deflections measured were more than those suggested by simple elastic theory and yet 
yield in the chalk was apparently not observed since the maximum bearing pressure 
imposed by the tank (180kPa) was less than the yield stress of the chalk. The immediate 
deformation was recoverable upon unloading for all grades of chalk, apart from Grade 
rV. In the long term test creep was found to be of greatest significance in the most 
weathered chalk. This work at Mundford pre-dated much of the work concerning stress- 
distribution patterns beneath foundations in rock masses. As a result the vertical 
stresses and stiffnesses calculated may be in error.
It is now known that the stress distribution observed at Mundford agreed with that of a 
rock mass which is dominated by horizontal and vertical discontinuities, see later in this 
chapter. Therefore the stress distribution beneath the tank was clearly influenced by the 
discontinuity pattern in the chalk rock mass. More recently, research has been 
conducted into the mass compressibility of chalk of varying porosity, using field plate 
loading tests [Matthews, 1993]. It was found that:
• the deformation behaviour of the chalk at all three sites could be described by a bi­
linear yield model [Burland & Lord, 1970].
• yield of the chalks appeared to be related to both yield of the intact rock and the 
limited contact area at the discontinuity boundaries.
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• discontinuities dominated the mass compressibility.
• the rock mass appeared to be undergoing some sort of yield from a very early stage in 
the loading test.
• the post-yield stiffness of the chalk mass was an order of magnitude lower than the 
pre-yield value.
2.2 Bonded Materials
The analysis of materials at the boundary between soils and rocks, such as weak rocks, 
see Figure 1-2, has, until recently, been largely neglected. Consequently material that is 
relatively weakly bonded has not had a framework of understanding that adequately 
describes its behaviour.
The behaviour of both soils and rocks need to be understood in order to understand the 
behaviour of a weak rock mass, such as chalk. The intact material may be studied using 
concepts from both soil and rock mechanics, whereas discontinuities have only been 
extensively researched in the rock mechanics discipline. It is known that the behaviour 
of the mass is controlled by the properties and behaviour of both the intact material and 
discontinuities. Thus knowledge from both disciplines must be drawn on in order to 
understand both and hence understand the rock mass.
2.2,1 Intact Material
The behaviour of intact material can be assessed from its deformability, strength and 
failure characteristics. This is achieved by the measurement of stiffhess, linear limit, 
yield, failure and residual or ultimate strength. Although the magnitude of these 
parameters may vary, they apply to all intact materials from soils to rocks. The 
determination of these parameters has been historically carried out in the laboratory, 
using cylindrical specimens. One common test for rocks is the uniaxial compression 
test, in which a specimen is loaded axially and its resulting deformation is measured. 
The stresses or loads and deformations are recorded and the results plotted as in Figure 
2-4, from which the modulus of elasticity. Young’s modulus, E, may be calculated. 
Strain and displacement are measures of deformation and are defined in Appendix A.
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Young’s modulus is measured from the pre-failure stress-strain cui*ve, where it is 
generally linear. This is a measure of material stiffness and may considered to be the 
reciprocal of compressibility [Atkinson, 1993]. For the same material type the Young’s 
modulus is generally similar even though strength may vary considerably. This is 
because the modulus is usually measured at small strains (typically <0 .1%) where the 
whole specimen is deformed; nearer failure the behaviour of the specimen is controlled 
by highly variable flaws. Material stiffness varies with strain level, so one value of 
Young’s modulus cannot be given to a particular material.
pre-failure post-failure
stress,a
compressive 
strength, oc
so m e  res idual 
.s tren g th  rem ain s
Figure 2-4: Typical deformation curve for rock in a compression test
There are several methods to calculate Young’s modulus and the main two are shown in 
Figure 2-4. Esec is used in this study to denote material stiffness. The moduli are :
tangent stiffness, E,
where: 
cr= stress 
8 = strain 
d  and A = change
secant stiffhess, E^ ^^  =
Equation 2-1
Equation 2-2
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Yield is the term used to describe the point at which the relationship between stress and 
deformation ceases to be linear, and elastic (recoverable) deformation becomes plastic 
(irrecoverable). Yield can occur prior to or at failure. Failure occurs when a peak stress 
is attained. Prior to failure the material withstands increasing load, with limited 
deformation. Failure occurs at peak load, also known as peak state, and post-failure the 
material loses strength gradually with increasing deformation, until a residual or 
ultimate state is achieved.
The deformation behaviour of natural materials has been described recently, using two 
yield points [Vaughan, 1988]. It is proposed to use this model for the purposes of this 
research since it has been shown to describe the behaviour of other chalks [Kâgeson- 
Loe, 1993]. The first yield point is defined as the point at which the stress-strain 
behaviour deviates from a linear relationship, which has been previously referred to as 
the elastic limit. It vyill be termed the limit of linear behaviour, LL, for this work. The 
second yield point is yield proper, 7, and is signified by a marked loss of stiffness, with 
associated large axial and volumetric strains. This is thought to coincide with loss of 
bonding and start of grain crushing in chalk, as previously described. Failure is either 
coincident or subsequent to yield, 7, dependent on the ambient stress regime.
In strength testing it has always been possible to achieve the whole stress-strain curve 
for soils but not for rocks. Before 1966, stress-strain curves for rocks could not be 
produced much beyond failure, after which specimens failed explosively [Hudson,
1989]. This was considered to reflect a fundamental difference between soils and rocks 
until it was realised that the mode of failure depended on the stiffhess of the testing 
machine relative to the specimen material. Rock mechanics equipment was modified to 
enable the complete defoimation curve to be measured, see Figure 2-4, and basic 
similarities between soil and rock behaviour were then observed.
Several criteria have been developed to describe failure in intact materials but most are 
empirical. The criterion of failure is defined as the variation of peak axial stress, cr, that 
a material can sustain with confining pressure, (jj. The simplest and best known is the
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Figure 2-5: Mohr-Coulomb failure criterion for materials
Mohr-Coulomb failure criterion. It is applied to both soils and intact rock in 
compression and is shown in Figure 2-5. The Mohr-Coulomb criterion consists of a 
linear envelope which touches all circles that represent critical combinations of principal 
stresses, see Appendix A. Strength increases linearly with increasing normal effective 
stress and the material will fail when the Mohr circle touches an envelope given, in 
terms of effective stress, by:
Equation 2-3
where:
:'p = peak shear stress
c'p= cohesion intercept 
cfp^ peak normal (axial) stress 
(j)'p = peak friction angle
Soil mechanics has established models that describe and quantify the behaviour of 
natural soils. These models share a common feature - the concept of bonding and 
structure is not considered. One such model is Critical State Soil Mechanics (CSSM), 
which was developed to provide a unifying framework to describe the behaviour of 
natural, reconstituted soils [Roscoe et al., 1958]. Only in the last decade have 
researchers started to investigate the presence and influence of bonding and structure in 
natural materials. These workers have observed similarities in behaviour in materials 
ranging from soft soils, through weak rocks, to very strong rocks [Leroueil & Vaughan,
1990]. Much of this recent work builds on the concepts and theories of CSSM and so a 
brief outline of CSSM is included here.
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Prior to the recognition of the significance of structure in natural materials, the in situ 
overconsolidation ratio was considered to be the factor which governed behaviour. The 
overconsolidation ratio of a material, OCR, is defined as:
ctV.OCR = cr'
Equation 2-4
where:
OCR ~ overconsolidation ratio 
cfvc = past maximum effective stress 
(fv = present effective stress
The past maximum effective stress is also known as the preconsolidation pressure, a'vc, 
and is the vertical effective stress at which there is marked change in compressibility, in 
one-dimensional compression. This may also be termed the yield stress. Compression 
is the change in volume of a material due to a change in effective stress and 
consolidation is simply compression coupled with seepage.
A material is normally consolidated if the present effective stress is the maximum to 
which it has ever been subjected, and overconsolidated if, at some time in the past, the 
effective stress has been greater. These terms are usually applied to clays. 
Overconsolidation is generally the result of geological processes such as the erosion of 
overburden, the melting of ice sheets after glaciation and the permanent rise of the water 
table [Craig, 1987]. Geological history is the term used to describe the geological 
processes to which a deposit is subjected during its life. Examples of such processes are 
burial, consolidation, lithification and tectonism. The stress history of a soil refers to 
the past stresses to which the soil has been subjected which will have modified the soil 
behaviour. Geological processes such as burial and erosion will affect the stress history. 
The behaviour of both types of soil in one dimensional compression are shown in Figure
2-6 .
A critical overconsolidation ratio exists, marked by the Critical State Line (CSL), which 
separates normally and lightly overconsolidated clays from heavily overconsolidated 
clays, in terms of specific volume, v, and mean effective stress, The regions in which 
clays are normally consolidated or lightly overconsolidated are said to be on the wet side
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Figure 2-6: One-dimensional compression of clays
of the CSL and heavily overconsolidated clays are on the dry side. This is illustrated in 
Figure 2-7. This description is also true of loose and dense sands.
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Figure 2-7 : Critical states of soils [after Atkinson, 1993]
When soils are sheared those on the wet side compress as the shear stresses increase 
while those on the dry side dilate, after an initial small compression. Both types of soil 
ultimately reach states at which the shear stress is constant and there are no more 
volumetric strains, the critical state. Thus, regardless of geological and stress history, all 
soils arrive on the critical state line. Here there is a unique relationship between shear 
stress, normal stress and void ratio, see Figure 2-7. The relationship between void ratio 
and specific volume is defined in Appendix A.
31
The critical state line is given by:
Ty'= CTy'tan^'^
Equation 2-5
where:
Tf -  shear stress at failure 
Gf = normal stress at failure 
<j)c = critical friction angle
The critical friction angle, (j)c\ can be calculated from the critical stress ratio, M, see 
Figure 2-7, since:
M  = - --- — 7 -3 - s m ( p \
Equation 2-6
where:
M = critical stress ratio 
^c' = critical friction angle
This equation is of the same form as Equation 2-3, the Mohr-Coulomb failure criterion, 
although here there is the assumption of zero cohesion (c'=0 ) due to the absence of 
bonding. The critical state line (CSL) defines the state at which all soils will continue to 
deform with no change of sheai' stress, normal stress or void ratio. The ultimate or 
critical state of all soils is independent of the initial states [Atkinson, 1993]. The peak 
state, by contrast, is governed by the soil’s initial state, such as its initial 
overconsolidation ratio. The isotropic normal compression line (NCL) represents a 
boundary to all possible states of isotropic compression and the critical state line 
represents the ultimate state of soils. The NCL and CSL are parallel and the NCL lies 
above the CSL. Soils on the dry side of critical state, D, such as overconsolidated soils, 
will attain the peak state, P, prior to the critical state, while for those on the wet side, 
W, such as normally consolidated soils, the peak and critical state coincide, see Figure 
2-8. The peak state line represents a boundary to all possible states since it represents 
limit or peak states. This means that the soil’s state can move inside the boundary by 
unloading, but cannot move outside this line. The peak state line refers to one specific 
volume, there will be other lines for other specific volumes. Together these lines for 
different specific volumes will create a peak state surface, in three dimensions.
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Figure 2-8: Behaviour of soil during drained shearing [after Atkinson, 1993]
The peak state surface is a boundary on the dry side of critical. It joins up with the 
isotropic normal compression line and the critical state line on the wet side to create a 
state boundary surface, see Figure 2-9.
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Figure 2-9: State boundary surfaces for soils [after Atkinson & Bransby, 1978]
The part of the state boundary surface on the wet side of critical (between the NCL and 
CSL) is Icnown as the Roscoe surface and that on the dry side, which corresponds to 
peak states, is known as the Hvorslev surface.
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The state boundary surface is a boundary to all possible states o f a reconstituted clay, 
since no allowance is made for structure. The state cannot exist outside the suiface. If a 
soil with a state on the surface is unloaded, the state moves within the surface. Upon 
reloading the state will move back onto the surface but will not move outside. So, the 
boundary surface may also be thought of as a yield surface. If this is the case, then 
while the state is on the boundary surface there will be both elastic and plastic strains, 
while inside the surface there will be only elastic strains.
The deformation characteristics of a soil depend on the material density. Loose (or 
normally consolidated) soils attempt to contract during drained shear, whereas dense (or 
overconsolidated) soils typically dilate. If shear is undrained, volumetric strains cannot 
occur and so the behaviour is modified by changes in pore fluid pressure in order to 
accommodate the applied conditions.
Lightly overconsolidated soils have a slightly denser packing than loose soils and so 
demonstrate shear behaviour which is a hybrid of loose and dense soil behaviour, see 
Figure 2-10. Initial deformation is limited and is accompanied by a slight increase in 
pore pressure, in the undrained test. Beyond the limit of linear behaviour, plastic 
deformation is accompanied by contractive behaviour in the drained tests and a 
significant increase in excess pore pressure in the undrained test. Beyond the loss of 
elasticity, lightly overconsolidated soils behave in an analogous manner to loose soils, in 
that the rate of volumetric strain accumulation, in drained tests, decreases as the soil 
approaches its ultimate failure strength (critical state). In undrained tests, the excess 
pore pressure declines as critical state is approached [Bolton, 1991].
Recent work has applied CSSM to structured materials, which is now described. Work 
on structured materials started with studies of natural clays, where it was found that the 
concepts of the peak state and critical state could be applied [Tavenas & Leroueil, 
1987]. It was found that natural clays were subjected to a number of geological 
processes, post-deposition, that provide the clays with "structure". Structure influenced 
aspects of behaviour such as stiffness, yielding and strength and was thought to be the 
result of fabric and bonding [Burland, 1990]. A clear distinction was thus made
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Figure 2-10: Shear deformation behaviour in ideal, loose and dense soils [after 
Atkinson, 1993]
between reconstituted and natural clays.
2,2,2 Behaviour in Compression
The typical consolidation history of a natural clay is shown in Figure 2-11. When the 
clay is first deposited it undergoes primary and secondary consolidation under the 
overburden pressure (point A), due to burial.
This is followed by processes such as thixotropic hardening and cementation, which 
result in strengthening of particle contacts. These processes may be responsible for the 
development of structure in natural clay deposits. In one-dimensional compression 
tests, the magnitude of the yield stress and the shape of the yield curve due to structure 
reflects both density (or void ratio) as well as bond strength. Structure has been found 
to increase both the strength and size of the stress domain in which the soil demonstrates
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Figure 2-11: The consolidation history of a natural clay deposit [after Tavenas & 
Leroueil, 1987]
stiff behaviour. This results in an apparent increase in the preconsolidation pressure 
(point P) beyond the virgin compression line (aa). This is separate from and in addition 
to similar effects arising from stress history [Leroueil & Vaughan, 1990].
The influence of structure on the behaviour of natural materials has been investigated by 
comparison with destructured or reconstituted materials. Soil is destmctured by 
subjecting it to stresses greater than the preconsolidation pressure. Reconstituted soils 
contain neither fabric nor bonding [Burland, 1990]. The term reconstituted will be used 
in this thesis. Fabric is thought to account for the parallel form of one-dimensional 
compression curves for many structured and destructured soils. This is supported by 
tests carried out on specimens which contained either layered or mixed clay and sand. 
The difference in fabric was found to produce parallel normal compression lines [Coop 
et al., 1995]. The results of tests carried out on both structured and destmctured clay are 
shown in Figure 2-12. It can be seen that there is convergence of the compression 
curves for both the stmctured and the destmctured soils, at stresses greater than the 
preconsolidation pressure. This was also observed by other workers [Graham & Li, 
1985].
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Figure 2-12: One-dimensional compression of structured and reconstituted clay 
[after Leroueil & Vaughan, 1990]
In another study, a large number of normally consolidated clays were compared with the 
normal compression lines of the same clays when reconstituted. The results can be seen 
in Figure 2-13,
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Figure 2-13: One-dimensional compression behaviour of normally consolidated 
clays [after Burland, 1990]
The reconstituted clays are represented by a unique normal compression line, known as 
the Intrinsic Compression Line (ICL). The structured, normally consolidated clays plot 
as a narrow band and are represented by a single regression line, known as the 
Sedimentation Compression Line (SCL). It can be seen that the SCL plots above the
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ICL and is approximately parallel to it. The presence of structure in the normally 
consolidated clays is considered to account for the offset between the two.
The picture becomes more complicated when overconsolidated clays are considered. In 
addition to structure, there is also the effect of stress history. The stress at which there is 
a marked change in compressibility in one-dimensional compression does not 
necessarily tally with the preconsolidation pressure experienced by the soil during its 
geological history. The effects of structure could dominate the behaviour and hence the 
preconsolidation pressure may be obscured. It may be possible to estimate the 
preconsolidation pressure from a reconstruction of the geological history of the deposit.
This recent work has been extended to consider other natural materials, known as 
"structured soils", for example soils, shales and other weak rocks. In the same way, it 
was found that the effects of structure on the behaviour of these materials could be 
observed by the comparison of intact and reconstituted materials. The results of one­
dimensional compression tests on an artificially bonded sand, a chalk and a volcanic tuff 
are shown in Figure 2-14. Figure 2-14a shows the results for an artificially bonded soil 
with different initial void ratios. Here it could be seen that at a given stress, the bonded 
soil existed at void ratios that were impossible for the reconstituted soil. The soil with 
the lowest void ratio experienced yield close to the compression line determined for the 
reconstituted soil. Post yield the bonded soil behaviour from each of the tests tended 
towards that of the reconstituted soil, as the bonding was progressively broken down. 
Similar results have been observed for the isotropic compression of an artificially 
bonded carbonate sand [Coop & Atkinson, 1993].
Similar behaviour can be seen in Figure 2-14b and Figure 2-3, which show tests carried 
out on natural chalks of different porosities. Each tended towards the same path at high 
stresses. This may represent the transformation from structuied to destructured material 
(uncemented normally consolidated granular soil) via the degradation of bonding. 
Figure 2-14c demonstrates somewhat different behaviour. These test results are from a 
high density (low porosity) volcanic tuff. The structured material does not exist beyond 
the states permissible for the reconstituted soil due to its low initial void ratio. The
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Figure 2-14: One-dimensional compression tests for different materials
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extent to which the soil could exist outside this state was found to be directly related to 
initial void ratio.
2,2.3 Behaviour in Shear
The same approach of the comparison of structured and reconstituted material has been 
adopted in order to study the shear behaviour of natural soils [Rampello et ah, 1993]. 
The results showed that there was parallelism between CSLs and NCLs for both the 
structured and reconstituted soils. This was manifested as an increase in strength in the 
structured soil which was due to structure. Similar results were found for triaxial 
compression and extension tests on structured and reconstituted specimens of Boom 
clay [Coop et al, 1995]. Again the difference in behaviour was attributed to structure.
In contrast to the study of soils, structure has always been considered in rocks. This has 
been extensively researched from the discipline of rock mechanics, but little has been 
done on the comparison of intact and reconstituted material. The behaviour of a typical 
intact rock in triaxial shear is illustrated in Figure 2-15.
Both structured soils and rocks demonstrate similarities in shear behaviour. Most 
specimens tested past failure, at low confining pressures, will form an inclined surface 
of rupture through the specimen, this is indicative of brittle behaviour. Yield and failure 
coincide or occur close together. The angle of failure plane development, 6, in brittle 
failure can be predicted from the following equation:
è'0 = 4 5 - y
Equation 2-7
where:
0= angle of failure plane 
(j>- friction angle
This equation describes the optimum angle for the occurrence of shear failure. In many 
rocks the friction angle, (f>’ is approximately 30° and so this results in the development 
of the failure plane at 30°, as shown in Figure 2-16. This is typical of brittle shear failure
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Figure 2-15: Rock deformation under increasing deviatoric stress [after 
Goodman, 1989]
Figure 2-16: Shear plane development
in rocks. If the confining stress is increased, barrelling of the specimen is observed, 
which is evidence of ductile behaviour. Here yield occurs well before failure.
The different modes of failure are illustrated in Figure 2-17. The behaviour described 
previously is highly dependent on the confining pressure. An increase in confining
41
qm
VPi
Figure 2-17: Transition from brittle to ductile behaviour in triaxial compression 
of rock [after Goodman, 1989]
pressure results in an increase in normal effective stress and hence an increase in 
material peak strength, as described in Figure 2-5, for Mohr-Coulomb failure criterion.
As the confining pressure is increased the rapid decline in load bearing capacity, 
observed beyond yield, becomes less marked. At a sufficiently high confining pressure 
the material behaves plastically and the rock behaviour is described as having passed 
from brittle to ductile. Continued deformation of the material, beyond yield, is possible 
without any decrease in stress, see Figure 2-17. The confining pressure at which this 
transition occurs is thought to be a function of the degree of bonding and friction 
[Clough et al., 1981; Cuccovillo, 1995].
Dilatancy increases with increasing confining pressure, but this is only tme when the 
ratio of 03  to <t/ is sufficiently small. When this ratio exceeds 0.2 approximately, for 
rocks, then fracture does not occur and dilatancy is inhibited [Goodman, 1989]. The 
transition from brittle to ductile behaviour is associated with a trend fiom dilatant 
(volumetric expansion) to contractant (volumetric compression) behaviour. This 
transition for most rocks occurs at pressures beyond the region of interest in most civil 
engineering applications. However, in some weak rocks such as chalk, ductile 
behaviour is observed at engineering stresses.
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Evidence to support this brittle-ductile behaviour has been provided by a number of 
researchers. Shear tests carried out on the cemented sands, Corinth Marl, chalk and 
oolitic limestone found that all specimens demonstrated brittle behaviour at low 
confining pressure, with linear behaviour up to the peak state [Cuccovillo, 1995; 
Anagnostopolous et al., 1991; Elliot & Brown, 1985]. Yield coincided with failure 
(peak state) and strain localisation was postulated in the vicinity of the peak state, which 
resulted in macrofiacture development and a rapid decrease of the deviatoric stress. 
This was then followed by shearing along this macrofracture (shear surface or failure 
plane) of two essentially intact blocks. This is typical of brittle behaviour.
At higher confining pressures ductile behaviour with volumetric compression and no 
shear plane development was observed in each material type. Yield was marked by a 
clear change in the stress-strain curves and increased volumetric strain and occurred 
well before peak states. Yield was considered to be related to the onset of pore collapse 
and bond degradation. This is typical of elastic-plastic ductile behaviour. Although the 
magnitude of material parameters such as strength and stiffness may vary, clear 
similarities in behaviour may be observed through the intact geomaterial spectrum.
Recent work on the shear deformation behaviour of intact chalk has found that chalk 
changes from an intact, poro-elastic rock which has a linear limit, yield locus and failure 
surface to an uncemented, normally consolidated sediment. The resulting sediment can 
be described as having a plasticity suiface which is limited by an isotropic compression 
line and a critical state line. The presence of bonding, prior to yield, defines a field in 
which small elastic strains dominate, see Figure 2-18. At high deviatoric stress the yield 
surface is bounded by unstable brittle failure, as described previously, and at high 
effective confining stresses it is bounded by the limit of lineai* behaviour, LL, The loss 
of linear stress-strain behaviour marks the start of progressive compressive failure in the 
larger pore spaces in the bonded fabric. The bulk of the intact fabric resists further 
deformation, indicated by the material stiffness. This stiff behaviour is again delimited 
at high deviatoric stresses by stable, brittle failure and, at higher confining pressures, by 
yield, 7, of the remaining pore fabric and the onset of plastic compaction. In CSSM 
terms, the pre-yield path lies on a Hvorslev-like surface and the post-yield path lies on a 
Roscoe-like surface, see Figure 2-18.
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where:
Hv = Hvorslev surface 
R = Roscoe surface
Figure 2-18: Deformation behaviour of intact chalk [Kàgeson-Loe, 1993]
It can be seen that critical state concepts have been successfully applied to materials 
with structure and bonding, although their behaviour falls outside some aspects of this 
framework. Since it is now recognised that these materials have components of strength 
and stiffness that cannot be fully accounted for by the critical state model [Leroueil & 
Vaughan, 1990].
2.3 Discontinuities
Discontinuities usually occur as sub-parallel sets within rock masses and include faults 
and joints. They are the result of processes such as cooling, tectonism and stress relief. 
Joints are fractures which are created by the release of stress within rock. They are 
characterised by minimal displacement parallel to the discontinuity surface. Faults are 
discontinuities along which there has been significant displacement. Although they are 
different in geological terms, both have the similar geotechnical characteristics such as 
reduced shear strength compared with intact rock and low or zero tensile strength.
The type and orientation of discontinuities in rock is governed by the relative 
magnitudes of the effective principal stresses during propagation [Hoek, 1968]. The
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patterns created by the development of discontinuities within a rock mass range from 
simple to complex. The presence of discontinuities can dominate rock mass behaviour 
and so it is important to be able to quantify their characteristics. Two main bodies of 
work exist on discontinuity characterisation and these are summarised in Table 2-7.
Barton [1986] International Society for Rock 
Mechanics [Brown, 1980]
orientation
spacing
persistence
joint roughness coefficient roughness
joint wall compressive strength wall strength
physical joint aperture aperture
theoretical conducting aperture filling
seepage
number of sets
block size
residual friction angle
Table 2-7: Discontinuity characterisation
Some of these characteristics can be seen in Figure 2-19. These broadly fall into two 
groups which describe geometrical and mechanical characteristics. Geometrical 
characteristics are generally measured in the field and mechanical characteristics are less 
easily measured and usually require laboratory testing to determine the strength 
characteristics of cohesion, c', and angle of friction, (j)\
Shear, dilation and normal deformation, which results in discontinuity closure, are three 
components of joint behaviour that have far reaching consequences for the behaviour of
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Figure 2-19: Idealised rock mass showing discontinuity characteristics
engineering structures on or in rock masses. They determine the shape and stiffness of 
load-deformation curves for rock masses. Previous work has demonstrated that the 
presence of a single, natural discontinuity in a laboratory specimen of rock, 
perpendicular to the direction of applied load, results in a modification to the stress- 
strain behaviour when compared with that of the intact rock [Goodman, 1976; Bandis et 
al., 1983; Raven & Gale, 1985].
2.3.1 Shear Deformation and Dilation
Single discontinuities exhibit convex shaped stress-deformation curves under shear 
loading. This is generally accompanied by dilation [Bandis et al., 1983; Barton, 1986; 
Yoshinaka & Yamabe, 1986]. The shear deformation behaviour of discontinuities is 
strongly influenced by the roughness of the discontinuity surfaces and the degree to 
which dilatancy is inhibited by the surrounding rock mass.
2.3.2 Normal Deformation
In contrast, single discontinuities demonstrate concave shaped stress-deformation curves 
under normal loading, see Figure 2-20. A highly non linear, hysteretic stress- 
deformation curve results for a single joint. The non-linearity may arise from marked 
changes both in contact area between the asperities and in the geometry of the voids
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between the joint surfaces during initial deformation [Cook, 1992]. The stiffness of the 
discontinuity is seen to increase with further deformation as yield of the asperities is 
complete and plastic behaviour is replaced by elastic deformation of the intact wall rock. 
Non-mated discontinuities display greater deformation than those which are mated.
When single discontinuities were subjected to successive loading and unloading cycles, 
hysterisis reduced rapidly, which may demonstrate in situ behaviour [Barton, 1986]. The 
reversibility of joint closure in later cycles suggests elastic behaviour. These 
deformation characteristics are typical for discontinuities in most rock types.
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Figure 2-20: Normal stress-deformation behaviour of discontinuities, showing 
concave form [after Barton, 1986]
Laboratory deformation tests conducted on chalk specimens which contained a smooth 
discontinuity perpendicular to the direction of loading indicated that there was a marked 
reduction in stiffness, compared with intact values. The stress-deformation curve was 
concave which was similar to other rocks, as described previously [Matthews & 
Clayton, 1992].
Both shear and normal deformation must be considered if the stiffness of discontinuities 
is to be fully described. Rock masses, such as chalk, contain discontinuities that are 
largely parallel and perpendicular to the ground surface. Previous work on the
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compressibility of rock masses of this type indicates that contact geometry and the yield 
strength of the discontinuity walls perpendicular to the direction of loading dominate the 
stiffness of the rock mass [Duncan & Hancock, 1965; Goodman et al., 1968; Bandis et 
al., 1983; Hyett & Hudson, 1990; Pyrak-Nolte et al., 1990; Matthews & Clayton, 1992; 
Matthews, 1993]. The joint shear component is, therefore, not considered to be of 
central relevance to this research.
2.3.3 Factors which Influence Normal Stiffness
A number of factors influence the normal stiffness of discontinuities, such as;
• magnitude of the applied load
• presence and nature of any infill
• aperture
• contact area ratio
In chalk, most discontinuities are barren or partially infilled with chalk fragments. The 
rock-to-rock contact is generally dominant and so infill has a negligible influence on 
either discontinuity or rock mass stiffness [Matthews, 1993].
The normal stiffness of a discontinuity depends primarily on the contact area between 
the two discontinuity surfaces, see Figure 1-4 [Cook, 1992]. If two apparently smooth 
surfaces are placed together there will be little actual surface contact. The normal load 
will be transmitted from one surface to the other by a number of point contacts, via 
asperities. If the normal load is increased, the point contacts will be enlarged due to 
elastic deformation, crushing and tension cracking. The increase in normal load also 
brings new areas into contact due to deformation. This is discussed more fully in 
Chapter 3.
The surface morphology of the discontinuity walls determines the size and number of 
asperities. This consequently influences the asperity contact area, contact stresses and 
maximum discontinuity closure. The manner in which the contact area may be modified 
is controlled by the average stress level and whether the discontinuity is mated or non­
mated. An increase in stress level may result in the failure and collapse of asperities, 
which may bring more asperities into contact, or increase the contact area of existing
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asperities. Previous workers have found that the contact area progressively increases 
with increasing normal stress [Goodman, 1976; Bandis et al., 1983; Pyrak-Nolte et al., 
1987]. The relationship of contact area with applied normal stress has been investigated 
for a number of rock types by other workers, including chalk, see Figure 2-21. It was 
found that the contact area was generally less than 1 0% of the total area at stresses less 
than 3 GOOkPa. Even when the applied stress was increased to more than 20 OOOkPa, 
the contact area generally did not exceed 50% of the total area.
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Figure 2-21: Normal stress versus contact area for different rock types [after 
Duncan & Hancock, 1965]
A photoelastic study was made of rock discontinuities that were mated and non-mated, 
rough and smooth [Hyett & Hudson, 1990]. For mated discontinuities the number of 
new point contacts, due to an increase in applied stress, was greater for the rough 
discontinuity than the smooth. The pre-existing point contacts in the smooth 
discontinuity tended to increase in size as the applied stress increased. In non-mated 
discontinuities the number of point contacts created was few and so higher stresses were 
transmitted across these contacts. The contact areas increased in size more for the
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smooth discontinuity than the rough. The natural bedding planes observed in chalk are 
best described by the smooth, unmated discontinuity model [Matthews, 1993].
A detailed laboratory study, carried out on rocks containing discontinuities found two 
distinct styles of deformation [Duncan & Hancock, 1965]. These were demonstrated as 
follows:
• The true contact area ratio increased with increasing load. The increase was thought 
to be the result of local shear failure between the grains and compaction of the 
asperities. This resulted in closure of the joint which was manifested as settlement. 
Rocks which behaved in this manner were found to have a granular texture with 
cementation. It was considered that they behaved in a manner similar to granular 
rocks since they increased in strength with increasing load. As a result they were 
termed pseudo-granular.
® There was no increase in the true contact area ratio, nor was there local shear failure. 
As a result there was virtually no settlement due to joint closure. Rocks which 
demonstrated this behaviour were considered to be similar to cohesive soils and so 
they were termed pseudo-cohesive rocks.
It was not clear by what mechanism pseudo-cohesive rocks underwent settlement. The 
mechanism apparently operating during loading of pseudo-granular rocks appeared to 
describe typical joint deformation behaviour, which has been observed in many rocks 
[Goodman, 1976; Bandis et al., 1983; Barton, 1986].
Mathematical models, which incorporate joint surface morphology, have been 
developed to describe discontinuity closure in response to applied stress [Greenwood & 
Williamson, 1966; Swan, 1983; Brown & Scholz, 1985, 1986]. These models utilise 
elasticity theory and yet they are describing experiments that involve both elastic and 
plastic deformations. These models have not been able to incorporate yield and collapse 
of asperities, which are likely to occur during loading of weak rocks.
The stress-deformation behaviour of the intact rock also has a profound influence on the 
normal stiffness of a discontinuity. This relates to the intact rock adjacent to the 
discontinuity, termed wall rock. When a normal load is applied across a discontinuity, it
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is transmitted via the asperities which are in contact and high contact stresses result. 
The stress-deformation behaviour of the wall rock determines the response of the 
contact asperities. In strong rocks, with low porosity, the contact asperities behave 
elastically at usual engineering stresses and normal deformation of the discontinuity is 
recoverable [Matthews, 1993]. In weak rock, contact asperities may undergo yield and 
hence behave plastically at relatively low applied stresses and discontinuity closure is 
not recoverable. In highly porous weak rock, such as chalk, the contact asperities may 
experience failure or pore structure collapse at low applied loads. This results in a 
marked modification to the stress-deformation behaviour of the discontinuity, see Figur e 
2-22, indicated by the change in gradient of the curve. Pore structure collapse has been 
noted in specimens of intact chalk [Leddra et al., 1990a]. Tests conducted on artificial 
discontinuities in chalk specimens have shown that yield occurred at significantly lower 
average stresses than for the intact material, but the way in which stress was determined 
was not stated. This behaviour contrasts with the less dramatic changes in behaviour 
observed for other rock types, see Figure 2-20 where deformation is largely recoverable.
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Figure 2-22: Normal stress versus deformation for a chalk specimen containing a 
discontinuity [after Matthews & Clayton, 1992]
Tests on chalk specimens with smooth discontinuities also demonstrate concave normal 
stress-deformation behaviour, which is similar to other rocks [Wakeling, 1975]. This is 
true, even of discontinuities with roughened surfaces, if the contact area ratio is in 
excess of 90%. Differences in behaviour associated with yield, marked by a convex
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normal stress-deformation curve, were obseiwed in specimens with contact area ratios of 
less than 30% [Matthews & Clayton, 1992]. The reasons for this may relate to 
difficulties of measuring the deformation behaviour at the very small strains required to 
detect asperity yield at low contact area ratios. The critical contact area ratio at which 
this marked change of behaviour may occur is unknown.
Weathering of the wall rock affects the strength of the asperities and hence influences 
the normal stiffness of the discontinuities themselves. Chemical decomposition of the 
wall rock almost certainly results in reduced stiffness of both the intact rock and the 
asperities. Dissolution of rock at the discontinuity surfaces, due to water percolation, 
results in reduced contact area. The extent to which both wall rock and asperities are 
affected is a function of the degree of physical and chemical weathering. The amount of 
weathering undergone by a rock, such as chalk, will also be a function of porosity, since 
porosity is related to its mechanical properties. Therefore porosity will, in turn, have a 
significant influence of the compressibility behaviour of discontinuities in chalk.
2.4 Rock Masses
A rock mass is not a uniform body, but is interrupted by discontinuity systems which 
produce discrete volumes of intact rock ranging in size from millimetres to metres. 
These volumes are considered to contain no discontinuities and to behave as elastic 
bodies subject to brittle failure under appropriate conditions [Jaeger, 1971]. This is the 
classic rock mechanics approach. Research driven by the mining industry has produced 
rock mass classifications [Barton et al., 1974; Bieniawski, 1984] that combine the 
properties of both the intact rock and the discontinuities to predict the behaviour of rock 
masses in response to excavation. Mining experience, where shear and tension 
behaviour dominate rock mass behaviour, can be applied to tunnelling projects but is of 
limited relevance to foundation engineering problems. Construction at or near the 
ground surface imposes very different stresses to mining situations, hence the rock 
response is also different. To date, analysis of rock masses has used theories based on 
rock as a continuum. Discontinuities have either been modelled separately or the intact 
material properties have been modified to reflect the presence of discontinuities. 
Discontinuity stiffness and its influence on the normal deformation behaviour of rock 
masses appears to be a relatively new subject and has not been investigated to the same
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extent as shear behaviour.
Extensive research has been carried out both for natural intact materials and the 
discontinuities contained therein, but little has been conducted that combines the 
behaviour of the two to model the behaviour of rock masses. This is because the 
compressibility characteristics of a rock mass involve many discontinuities as well as 
the intact rock and quantifying the stiffness characteristics o f multiple discontinuities 
alone is complicated.
2.4d Stress-Deformation Behaviour
The primary field test used to assess the compressibility of rock masses is the plate 
loading test. These tests have been carried out on strong rocks such as limestone and 
sandstone, with discontinuities parallel and perpendicular to the direction of loading. 
The results generally show linear or strongly concave load settlement curves, see Figure 
2-23a [Zienkiewicz & Stagg, 1965; Hobbs, 1973]. This may be due to either 
deformation of the voids adjacent to the discontinuity [Cook, 1992], or yielding of 
material at the discontinuity boundaries while the intact material does not approach 
yield [Zienkiewicz & Stagg, 1965]. This results in discontinuity closure and a 
subsequent increase in stiffness of the system. When the same tests are carried out on 
weak rocks with similar discontinuity patterns, such as chalk, markedly convex curves 
are produced, see Figure 2-23b [Ward et al., 1968; Burland & Lord, 1970; Matthews & 
Clayton, 1992].
At low stresses, the chalk rock mass exhibits a relatively high stiffness, in the range of 1 
to 15GPa. As the applied stress increases the material yields and the stiffness drops, by 
up to 100 times for high porosity chalks. It is thought that the yielding phenomenon is 
associated with local yielding of asperities at the discontinuity faces and pore-structure ' 
collapse within the intact material [Matthews & Clayton, 1992]. This indicates that both 
the asperities and the intact material undergo yield and crushing occurs at the 
discontinuity boundaries. This behaviour is observed in discontinuities parallel to the 
direction of loading, usually the sub-horizontal discontinuities in a foundation loading
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Figure 2-23: Stress-deformation curves for rock masses
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stress regime. Little is understood about the mechanisms which control yield in chalk 
masses.
2,4,2 Compressibility o f Rock Masses
Several factors control the compressibility of a rock mass subjected to foundation 
loading. Confining stress is one such factor. High isotropic confining stresses result in 
an increase in rock mass stiffness [Brown & Trollope, 1970; Yoshinaka & Yamabe, 
1986]. This is because the blocks are brought into more intimate contact and hence the 
contact area between discontinuities increases and dilatancy is inhibited. Near the 
ground surface, rock masses are not subjected to high isotropic confining stresses. As a 
result high confining stresses are not thought to influence greatly the behaviour of a 
chalk rock mass subjected to a foundation loading.
The stress-deformation behaviour of the intact rock also influences rock mass 
compressibility. In a rock mass, yield and failure is complicated by discontinuity 
morphology. The interaction of both intact rock and discontinuity may result in 
progressive collapse of the pore structure at the contact asperities. This may produce a 
gradual change of gradient of the stress-deformation curve for the rock mass.
The compressibility of a rock mass is partly controlled by the magnitude of the applied 
load. A light load, relative to the strength of the rock mass, will result in some closure 
of discontinuities and possible local yielding of asperities, with small associated 
deformations. Excessive loads will result in yielding and possible failure of the intact 
rock in addition to progressive failure of asperities and total discontinuity closure. 
Deformations in this case will be much larger.
Model foundation loading tests that have been conducted on jointed rock masses 
indicate that the stress distribution beneath loaded areas deviates considerably from that 
derived from elastic continuum theory [Gaziev & Erlikhman,1971; Knox & Mok, 
1985]. In a rock mass which contains persistent horizontal and inpersistent vertical 
joints, the stress bulb associated with the loading will be elongated vertically. This is 
due to the stress transfer predominantly across the horizontal discontinuities. If the 
vertical discontinuities are persistent, the stress bulb will be naiTower and will extend to
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greater depths. The lateral extent of the bulb is controlled by the aperture of the vertical 
discontinuities and the stress level. If the discontinuities are tight, the stress may be 
transmitted across the joints and the bulb may approach the form of that derived for an 
elastic continuum. If the discontinuities are open and remain so, there will be little 
transmission of stress and the bulb is likely to remain within the loaded area. As 
deformation occurs within the mass, the open discontinuities may close up and hence 
the stress distribution will change as the foundation load changes. The style of jointing 
in natural rock masses often varies with depth. It is doubtful whether the stress at any 
given position within the zone of influence of a loaded area can be predicted with 
complete confidence.
The characteristics of the discontinuities within the rock mass also control 
compressibility. The number o f discontinuity sets influences the average block size and 
shape. Greater compressibility is observed in rock masses with small average block 
sizes. The nonnal stiffness of the discontinuities is also a major factor and has been 
discussed previously.
The orientation of discontinuities with respect to the direction of applied load dictates 
the magnitude and contribution of shear and normal deformation. Three characteristic 
modes of load-deformation behaviour associated with discontinuity orientation have 
been defined, see Figure 2-24.
In type A, which is the typical discontinuity pattern in chalk masses, the dominant 
deformation mechanism is normal closure of the horizontal discontinuities. The load- 
deformation curve for the rock mass is suggested to be the same concave shape as that 
for a single discontinuity [Barton, 1986]. This behaviour has been observed in both 
laboratory and field tests on strong rocks, as well as laboratory tests on discontinuous 
chalk, but not in field tests on weak rock masses such as chalk [Brown & Trollope, 
1970; Hobbs, 1973; Matthews, 1993].
It is possible that the behaviour of weak and strong rock masses, that contain similar 
discontinuity patterns, is broadly the same. The apparent differences observed by
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Figure 2-24: Load-deformation behaviour for rock masses with differing 
discontinuity patterns [after Barton, 1986]
previous workers, as described above and in Figure 2-23, may simply be a function of 
the yield stress of the intact material and the nature of the discontinuity morphology.
In other words, both rock masses initially demonstrate normal closure of the 
discontinuities due to asperity yield and failure, followed by an increase in stiffness and 
ultimately followed by yield of the entire rock mass. However the initial concave part 
of the stress-deformation curve is not observed in weak rock masses because the loads 
required to cause asperity yield are very low, due to the low yield stress of the material.
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and may occur almost instantaneously. Thus the concave phase may not be detected by 
conventional field measurement techniques. Conversely the convex part of the 
deformation curve, which is clearly obseiwed in weak rock masses, is not observed in 
strong rocks simply because of the high yield stress of the intact material which would 
require huge applied loads, beyond normal engineering stresses.
For the case of chalk rock masses, the likelihood of observing the concave part of the 
stress-deformation curve may be further reduced due to low contact area ratios, 
produced by solution weathering at the discontinuity surfaces. These low contact area 
ratios would result in the yield stress of the asperities being exceeded at even lower 
applied loads. To the author’s knowledge no work has been conducted to explore these 
ideas, although very early yield in chalk masses has been previously suggested 
[Matthews, 1993].
The compressibility of a rock mass is also influenced by the discontinuity spacing 
relative to the size of loaded area. Discontinuity, or fracture frequency, is generally a 
function of lithology and bed thickness [Harris et al., 1960; Hodgson, 1961; Price & 
Ladeira, 1981]. The number of discontinuities usually increases towards the ground 
surface i.e. towards foundation level. If the discontinuity spacing is larger than the 
loaded area then the stress-deformation behaviour of the rock will not be greatly 
affected. However, average discontinuity spacing is usually less than foundation 
dimensions and so the discontinuities have a profound influence on the rock stress- 
deformation behaviour. The relationship between stiffness and fracture frequency is 
shown in Figure 2-25. This demonstrates that the discontinuity spacing has little effect 
on Em'.Ei (mass stiffness: intact stiffness) when the modulus of the discontinuity 
approaches that of the intact material. It can be implied from this that discontinuity 
systems do not have a significant influence on the Em'.Ei ratio for softer materials such 
as soils. Em'^Ej becomes relatively insensitive to the number of discontinuities per unit 
length, once this number has exceeded 10. Figure 2-25 illustrates the case for a constant 
size of aperture. If this is varied, for a constant ratio of Ed (discontinuity stiffness) to Ei 
(intact stiffness), it is found that the larger the aperture the greater the compressibility of 
the mass [Wakeling, 1975].
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Figure 2-25: Relationship of the ratio of mass stiffness to intact stiffness with 
fracture frequency for discontinuities of varying stiffness [after 
Matthews, 1993]
Work has been done on discontinuity spacing and moiphology in order to represent 
nature [Bandis et al., 1983; Hobbs, 1973, 1975]. A simple model was derived in which 
a rock mass factor, y was introduced. The rock mass factor, y, is another representation 
of EmiEi and is sensitive to contact area and fracture frequency. It was found that j  
became less sensitive to fracture frequency as the contact area ratio increased. A 
limitation of this model is that it can produce rock mass factors greater than unity, which 
is physically impossible.
This model assumes that Ed:Ei is constant for the rock system under consideration, 
however, it has been found that Ed is highly stress dependent [Goodman, 1976; Bandis 
et al, 1983]. Stresses will alter with depth of burial and size of loaded area. The 
number of discontinuities within the zone of influence will also vary with the size of 
loaded area. These will all affect the mass compressibility characteristics of the 
foundation rock.
Previous workers have considered the most important features of a rock mass that 
influence compressibility, and that can easily be measured. These are:
• discontinuity orientation
• discontinuity spacing
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• looseness of the fracture block system, which is a function of weathering
• hardness and dry density (porosity)
It can be seen from this list that no account is taken of discontinuity aperture or contact 
area ratio, and yet these are likely to be fundamental to the compressibility behaviour of 
the mass. This highlights that the fundamental controls on compressibility may be 
omitted due to difficulty of assessing them in the field.
2.5 Summary
Chalk, although compositionally uniform, demonstrates large variations in porosity. The 
geotechnical properties of intact chalk, such as stiffness, strength and permeability are 
related to porosity. The brittleness of intact chalk also will be influenced by porosity, 
which, together with tectonism, will affect discontinuity patterns in the rock mass. Both 
the intact chalk and the rock mass will be affected by weathering processes. Porosity 
has a profound effect on rock mass behaviour, but the influence of porosity alone cannot 
fully account for rock mass properties observed.
All rock mass behaviour is controlled by the behaviour of both the intact material and 
that of the discontinuities. Recent work on intact, bonded materials has shown that 
there are similar ities in the behaviour of natural soils and rocks. Historically, intact rock 
has been treated as an elastic continuum, using concepts and theories derived from the 
discipline of rock mechanics. Research has been conducted on discontinuities but 
relatively little has been conducted on the separate contribution of both to rock mass 
behaviour. No work appears to have been carried out on discontinuous materials (rock 
masses) using theory and concepts of behaviour derived from recent work on bonded 
and structured materials. Research has been recently conducted on the yield behaviour 
of intact chalk, but the mechanisms affecting and controlling yield stress in chalk rock 
masses have not been fully investigated. The work previously conducted on intact 
material indicates that the accurate determination of stiffness, linear limit stress, yield 
stress and peak state (failure) is fundamental to understand the behaviour of structured 
soils and weak rocks.
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A significant amount of research has been conducted on the morphology and behaviour 
of discontinuities within rocks, although much of it has been conducted on shear 
behaviour. Little work appears to have been done into normal behaviour of 
discontinuities, particularly with respect to the influence of contact area on 
compressibility. Compressibility may be controlled by normal closure of discontinuities 
perpendicular to the direction of loading.
Field compressibility tests, such as plate loading tests, that have been conducted on rock 
masses with similar discontinuity patterns to chalk, have broadly shown the following 
behaviour;
• strong rock masses produce concave load deformation curves
• weak rocks produce convex load deformation curves
The total behaviour can be observed but it is not known what contribution 
discontinuities and intact rock make to the rock mass behaviour. Suggestions have been 
put forward for the different mechanisms that must operate in each type of rock mass 
but the behaviour of weak rock masses is still not well understood.
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3. THEORETICAL MODEL OF DEFORMATION BEHAVIOUR 
OF CHALK
In this chapter, a model was developed in an attempt to understand the processes which 
govern the behaviour of chalk in response to normal loading. The model was based 
around friction theory which may be applied to most materials, with exceptions such as 
polymers and some minerals such as mica. The wide applicability of this theory made it 
a reasonable basis for the development of a model for the behaviour of chalk. The 
surfaces described within friction theory were represented by discontinuities or joints in 
natural rock masses and the normal loading was taken to be equivalent to foundation 
loading. An experimental programme was then designed to test the theoretical model of 
behaviour.
3.1 Principles of Material Deformation in Response to Normal Loading
The study of material behaviour in response to a noimal load is part of friction theory. 
When most materials are subjected to a normal load there is an initial phase of elastic 
deformation, followed by yield and then plastic deformation. Failure may be coincident 
with yield or may occur at larger strains, and the various phases of behaviour are 
determined by the material properties. The yield stress, or, is considered to be a material 
property [Bowden & Tabor, 1974] and is defined as:
P
A
Equation 3-1
where:
<T= yield (axial) stress 
P = (axial) load 
A = area of true contact
Many engineering applications involve the movement of one component relative to 
another, such as bearings in an engine. The behaviour of these components is governed 
by frictional processes which operate at the surface boundaries of the components. The 
rock surfaces at the discontinuity boundaries, within the mass, may be considered to
62
behave in an analogous way to the surfaces of any two mechanical components. 
Therefore the theory developed to describe and quantify friction may be applied to rock 
mass deformation behaviour.
When material surfaces are made smooth, for example, by machining or natural 
processes such as erosion, some parts are removed more easily than others so the 
resultant surface is never truly smooth. Even apparently perfectly smooth surfaces are 
rough on an atomic level. If a metal surface is prepared by a coarse file there will be 
similar slope angles between the peaks and troughs compared to very smooth surfaces, 
prepared by precision machining [Bowden & Tabor, 1974]. This slope angle is typically 
5°. The peaks on a material surface are known as asperities.
3.1.1 Behaviour o f Touching Surfaces Under a Normal Load
When two surfaces are placed together contact only occurs at discrete points, where 
asperities of one surface contact the other, see Figure 3-1.
Load, PI
point contact 
between surfaces 
(asperities)
Figure 3-1: Contact at surface boundaries
On an atomic level in solids the free surface is very reactive due to the reduced number 
of atomic bonds there. The atoms at the free surface only become energetically stable 
when they are bonded to other atoms and this only occurs at the points of contact 
between two surfaces.
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Atomic forces only operate over short distances and so the gaps between the asperities 
completely separate the two surfaces. The only interaction between the sur faces is at the 
asperity contacts. The applied normal load is carried on the tips of the surface asperities 
which are in contact. The tips deform elastically in response to the very small applied 
load. However, as soon as load exceeds the yield stress of the material, plastic 
deformations result. The individual asperities yield plastically until the area of true 
contact. A, is large enough to support the applied load. The area of true contact depends 
on the total area of the points of contact, rather than the number of points, since the 
stress must always equal the yield stress, cr. The stress that the material can support 
during plastic defonnation is a material constant and is broadly independent of asperity 
shape or size. The area of true contact is often a fraction of the apparent area of contact. 
It depends on the way in which individual asperities are deformed and does not depend 
on apparent area. The area of true contact is, to a first approximation, proportional to 
the load and is independent of the size of the bodies. This is because the area supporting 
the load is determined by the average plastic properties of the material near the surface 
only [Bowden & Tabor, 1974].
3.J.2 Friction and Adhesion
At the asperity tips the atoms on either surface are in close proximity so that they are 
within range of very strong attractive forces. These forces are known as adhesion. 
Separation must overcome these forces, so work has to be done to pull or slide surfaces 
apart. This applies to every material. If two pieces of gold are pressed together by a 
small normal load they become virtually a single piece and there is very strong adhesion 
across the areas of real contact. This is known as "cold welding" and friction is the 
force required to shear these junctions caused by adhesion.
When the normal load is removed the inter-material junctions are not very ductile since 
they have been deformed plastically, despite the small magnitude of the normal load. A 
small tensile stress is required to snap them apart. As the normal load is removed the 
junctions snap apart one by one so that no or very little adhesion remains. Friction is the 
shear strength of the junctions formed at the regions of real contact, adhesion is the 
tensile strength.
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3.2 Proposed Theory for Chalk Subjected to Normal Loading
The hypothesis for chalk behaviour in response to foundation loading contains the 
following assumptions:
• the yield stress of the chalk is assumed to be a material constant, for a given stress 
regime
• the residual stress of the chalk is assumed to be a material constant, for a given stress 
regime
• the behaviour observed is not influenced by the size of the bodies under 
consideration
• the normal load carried by the chalk is directly proportional to the tme contact area 
between the two discontinuity faces, where relevant
The simplest stress regime to consider is that of uniaxial loading, where a body of rock 
is subjected to an axial load only, with no confining pressures. This is the stress regime 
operational in the commonest rock mechanics strength test, the uniaxial compressive 
strength test. This is a simplification of the stress regime found in situ since the volume 
of rock would be subjected to confining stresses from adjacent rock. However, the 
effects of confining stress only become important in rock masses where discontinuities 
are rare or absent; where the mass is at considerable depth or where there is a high stress 
regime from, for example, intense tectonic activity. For rock masses in conditions other 
than these, such as near surface foundation loading, the significance of confining stress 
at rock block surfaces is minimal [Duncan & Hancock, 1965]. Therefore friction theory 
may be readily applied to chalk, without the need for consideration of confining stresses.
3.2.1 Behaviour o f Intact Chalk
In uniaxial stress regimes, brittle behaviour dominates rock deformation and yield and 
failure may be taken to virtually coincide. The failure stress is defined as the peak stress 
experienced by the rock during the test. Therefore the yield stress and peak stress for a 
body of chalk may taken to be the same, and may be defined as :
e - '
Equation 3-2
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where:
Ppi = peak axial load carried by body of chalk 
A li = initial cross-sectional area of chalk body 
<jpi = peak axial stress for body of chalk
This equation comes from the basic, generic, definition of stress. For the purposes of 
the hypothesis it is assumed that the cross-sectional area of the chalk body remains 
constant throughout axial loading, pre and post-failure. This is a simplification since, in 
reality, there may be a small increase in the cross-sectional area as the body strained 
laterally in response to axial load, followed by a reduction in cross-sectional area due to 
the development of a failure plane within the chalk body. Large lateral strains are 
generally related to plastic deformation which usually occurs in rock subjected to large 
confining stresses. In a uniaxial stress regime, there are no confining stresses and so the 
amount of lateral straining may be ignored and considered to be zero. In intact material, 
the area of true contact, A, may be taken as the cross-sectional area of the body being 
deformed since no surfaces are considered to be present (although discontinuities may 
occur at a microscopic level). In the case o f a solid body of chalk, the appaient area and 
the true area of contact are the same.
Typical brittle deformation behaviour in rocks is characterised by a stiff initial response 
followed by a peak stress which is attained at relatively low axial strains. There is then a 
sudden drop in stress to a residual value, due to the development and subsequent 
movement of a failure plane. The peak stress is related to the presence of bonding and 
cementation within the chalk and the residual stress is a reflection of the frictional 
properties of the material only, since there is a loss of bonding and cementation along 
the failure surface. Using the assumptions that there is no change in cross-sectional area 
of the chalk body, and that the relationship defined in Equation 3-2 is valid for residual 
stress, gives:
t " -
Equation 3-3
where:
Pm = residual axial load for chalk body 
An  = initial cross-sectional area of chalk body 
am = residual axial stress for chalk body
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Thus both the peak (yield) stress and the residual stress may be defined as two different 
material constants for a body of chalk subjected to uniaxial loading.
3,2.2 Behaviour o f Chalk which Contains a Discontinuity
The case of a chalk body, cut in two by a theoretically perfectly smooth saw cut, is 
illustrated in Figure 3-2. The body is then subjected to an axial load, perpendicular to 
the saw cut. According to simple mechanics theory, there should be no difference in the 
normal deformation behaviour of the perfect saw cut body when compared with that of 
the solid. This assumes that the saw cut is perfectly mated and that the area of true 
contact, is 1 0 0 %.
Load, P
1 0 0 % true 
contact area
Figure 3-2; Body of chalk with theoretically perfect saw cut
Therefore the introduction of a perfectly smooth saw cut should not affect the 
relationships described previously. However even apparently perfectly smooth 
machined surfaces are not smooth on a microscopic scale [Bowden & Tabor, 1974]. 
When these surfaces are placed together the area of true contact is less than the appaient 
area, and the two bodies touch only at the asperity tips. Here the area of true contact is 
less than 1 0 0 %. In natural joints and discontinuities, which are analogous to the saw cut 
described above, the true contact area is likely to be much less than the apparent contact 
area, even for joints which appear to be perfectly mated. This is supported by 
experimental evidence in which apparently well mated rock joints have contact areas 
much less than 100% [Hobbs, 1975].
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This is supported by laboratory experiments in which differences in deformation 
behaviour have been found between intact rock and rock containing a natural 
discontinuity. Previous work has demonstrated that the presence of a single 
discontinuity in a laboratory specimen of rock, perpendiculai* to the direction of applied 
load, results in a modification to the stress-strain behaviour when compared with that of 
the intact rock [Goodman, 1976; Bandis et al., 1983; Raven & Gale, 1985]. This was 
found to be true for even apparently tight discontinuities [Hobbs, 1975]. The difference 
in behaviour may be due to processes, such as weathering, which alter the wall rock, and 
to the true contact area being probably considerably less than 1 0 0 %.
The noimal deformation behaviour of rock masses follow two general patterns. The
first is a concave stress-deformation cui-ve, observed for strong rocks and the second is a
convex curve, observed for weak rocks. This behaviour is described and explained in 
Chapter 2. Three explanations for the two patterns have been proposed and are 
summarised here.
• Explanation 1 : discontinuity closure + yield of intact rock
Field loading tests on chalk masses demonstrate a convex stress-deformation curve, see 
Figui'e 2-23, which indicates a marked loss of stiffness with increasing load. The 
settlement of rock masses like these may be due to discontinuity closure by yielding of 
the asperities at the joint boundaries as well as deformation by pore structure collapse 
within the intact blocks of rock [Matthews & Clayton, 1992]. The explanation for 
discontinuity closure is supported by laboratory loading tests on carbonate rocks, such as 
marble, which indicated yielding and crushing of asperities and an associated increase in 
contact area [Brown & Scholz, 1985]. Rocks that behave in this manner have been 
described as pseudo-granular [Duncan & Hancock, 1965].
• Explanation 2: discontinuity closure only
Loading tests on strong rocks such as sandstone, with discontinuities perpendicular and 
parallel to the direction of loading, produced concave stress-deformation curves, see 
Figure 2-23. This indicates an increase in normal stiffness in response to the applied 
load. This may be due to yield and failure of the asperities at the discontinuity
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boundary, which results in joint closure, while the intact rock block remains pre-yield 
[Zienkiewicz & Stagg, 1965; Hobbs, 1973].
• Explanation 3: yield of intact rock only
Settlement in some rock masses is thought to be due to deformation within the intact 
rock, with little or no discontinuity closure. These have been described as pseudo- 
cohesive rocks [Duncan & Hancock, 1965].
The hypothesis developed here for the behaviour of chalk rock masses follows the 
theory that joint closure immediately followed by yield of the intact material may occur 
in the normal deformation of weak rocks. This deformation behaviour may be separated 
into three phases, which are now described.
Theoretical deformation behaviour
The processes that describe the deformation behavioui* of a chalk body with a 
discontinuity, perpendicular to the direction of axial loading can be expressed in general 
terms. It is assumed that the chalk blocks either side o f the discontinuity boundary are 
rigid and do not begin to deform until after the asperities have been totally crushed.
The first phase of deformation behaviour in chalk is illustrated in Figure 3-3. Failure of 
the asperities will occur at a load, P, that equates to the yield stress of the chalk. Until 
this point there will be little or no permanent change in the true contact area between the 
two bodies.
Initial conditions:
Equation 3-4
where:
Pp = peak axial load for chalk body 
AI = initial true contact area of chalk body 
Gp = peak axial stress for chalk body
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The peak stress is a material constant, so it follows that the smaller the area of true 
contact, the lower the axial load required to cause failure of the asperities at a 
discontinuity boundary.
P
PHASE 1
initial true contact area, A,
Ai « 1 0 0 %
PHASE 2
true contact area, A2  
Ai< A2<I00%
PHASE 3
true contact area, A3  
A, =100%
Figure 3-3: Theoretical deformation of discontinuous chalk
The second phase of behaviour starts when the asperities fail initially at the tips, with an 
associated loss of cementation and bonding and the reconstituted chalk flows plastically 
to fill the gaps between the asperities. Here it is assumed that the contact area changes 
suddenly in response to failure of the asperities and that failure of the asperities is 
instantaneous, reducing the asperities to a reconstituted, frictional material. In reality 
failure continues progressively until the true contact area at the discontinuity boundary 
is sufficient large to support the axial load. This behaviour has previously been proved 
experimentally for marble [Brown & Scholz, 1985].
At moment of failure of asperities:
Equation 3-5
where:
Pp = axial failure load for asperities 
= modified true contact area at failure 
<T= axial stress at failure for asperities
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It is assumed that, immediately after asperity failure, the stress is still a constant but is 
now equivalent to the residual stress. In reality, the loss of bonding and cementation is 
likely to be progressive and so processes due to both friction and cementation are 
operational during asperity failure. However this simplification is necessary since it is 
not possible to measure the progressive loss of bonding during this phase. These 
assumptions then give:
Pr
A — (Tu
Equation 3-6
where:
<Tr = residual axial stress
which, when combined with Equation 3-3, can be expressed as
rearranging gives
therefore
AI
é l L - f B L
Pp
4 , X Pp
R i
Since A\i and Ppi aie constants, this may be expressed as
A ^  = kx Pp
Equation 3-7
Equation 3-8
i.e. the modified true area o f contact after failure of the asperities is directly proportional 
to the axial failure load. An accepted definition of failure in soil and rock mechanics is
that the peak load equals the failure load. 
Equation 3-4, it follows that:
Therefore, from Equation 3-2 and
A
Equation 3-9
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rearranging, gives
Equation 3-10
substitute for Pp in Equation 3-8
V A/
Equation 3-11
substitute for k  from Equation 3-7:
4 A . .  - - x P  ^ Pr> / ^ Ai '' /
Equation 3-12
therefore
-  A
' '  D  ^  
P>
pRi 7
Equation 3-13
Thus, at the point of asperity failure, this derivation states that the true contact area 
increases by the ratio of intact peak load to residual load. This marks the start of Phase 
2 , where the true contact area, A 2 , is more than that at asperity failure, Ap, and less than 
100%. A 2  will then increase during this phase to 100% due to asperity crushing. At any 
point in Phase 2, the contact area, A 2 , is calculated from the measured axial load and the 
residual stress, an assumed material constant, previously calculated in Equation 3-3.
PA  —
Equation 3-14
In Phase 5, the contact area, now termed is assumed to be 100%, since the asperities 
have been totally crushed. The A 3 term is a Icnown constant and is used, with the 
measured axial load, to calculate the variation in residual stress. Equation 3-15 is used 
to test the hypothesis that the residual stress is a material constant. If this is true the 
variations in residual stress would be insignificant.
A  =
Equation 3-15
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where:
À2 -  modified true contact area
P = axial load
gr ~ residual axial stress
As = total cross-sectional area of body
P r  = residual axial load
In Phase 3 failure planes may propagate into the chalk body, causing the intact chalk to 
fail. However, the newly formed single body may not behave in the same manner as 
that described previously for the intact material because there is now a layer of 
reconstituted chalk between the two blocks. Loading of the chalk body in this phase 
results in residual stresses being attained. This is because the deformation is dominated 
by frictional processes due to the reconstituted layer and movement along failure planes 
within the previously intact chalk. The whole deformation process, from Phase 1 to 
Phase 3, would result in progressive discontinuity closure and rock mass settlement.
Foundation failure is generally measured in terms of unacceptable vertical (axial) strain 
also known as settlement. If natuial discontinuities in rocks are now considered the 
previous derivation leads to the hypothesis that the normal deformation behaviour of a 
chalk rock mass is controlled by the initial area of true contact at the discontinuity 
boundaries. The yield stress o f the chalk is a known constant and the maximum 
foundation load for a given situation is also known, therefore the true area of contact at 
failure can be calculated. If the in situ initial true area of contact is less than the 
calculated value then failure of the asperities will occur.
This failure is associated with an increased rate in vertical (axial) strain and large 
settlements result. Progressive failure of asperities continues until the true contact area 
has increased sufficiently to support the foundation load, and the vertical strain rate then 
decreases. Therefore, for a given foundation load, the vertical strain rate is likely to be a 
function of the true contact area. The smaller the initial true contact area, the larger the 
vertical strain at failure is likely to be. However, this may not be a simple linear 
relationship. Previous work suggests that there may be some limiting value of true 
contact area that influences normal deformation behaviour [Matthews, 1993]. Tests 
with a contact area of 90% produced very different deformation responses from tests in 
which the contact area was 30% [Matthews & Clayton, 1992]. This work suggests that 
this limiting value of true contact area lies somewhere between 90% and 30%.
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The vertical strain observed is also likely to be a function o f the asperity geometry. The 
maximum vertical strain produced by asperity failure alone is limited by the maximum 
aperture of the discontinuity within the rock mass. In practice, both true contact area 
and maximum aperture are very difficult to ascertain.
3.3 Summary
The proposed theoiy begins with the premise that there should be no theoretical 
difference in deformation behaviour, in a uniaxial stress regime, between a body of 
intact chalk and one which contains a perfectly mated, smooth saw cut. This is valid 
only when the saw cut is perpendicular to the direction of axial loading. It is reasonable, 
therefore, that there should also be no differences observed between the two cases in 
other stress regimes with low lateral stresses, such as near surface foundations. The 
hypothesis then acknowledges that there will be differences in behaviour since the saw 
cut can never be perfectly smooth or mated and so the true contact area is always less 
than the apparent contact area of 100%. Consequently the theory has been further 
developed to account for the change in true contact area during uniaxial loading. This 
results in the conclusion that the yield stress is a material constant.
The change in true contact area, after initial crushing of the asperities, is a function of 
the initial true contact area, the peak load and the residual load sustained by any size 
body of chalk. In addition, after failure and crushing of the asperities, frictional 
processes dominate the behaviour of the chalk and residual stresses are achieved. 
Therefore the deformation behaviour, in terms of stress only, of a body of chalk which 
contains a discontinuity is proposed to be the same as that of an intact body of chalk.
A comparison between the behaviour of three different bodies of chalk is now possible. 
These are:
• intact chalk
• chalk which contains a perfectly planar saw cut
• chalk with a significantly reduced contact area ( « 1 0 0 %)
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It is hypothesised that there is no difference in their behaviour, in terms of stress. This 
implies that:
* The linear limit surface for chalk will be similar in each case.
• The yield surface for chalk will be similar in each case.
Any differences in deformation behaviour observed between the three cases are due only 
to variations in their strain response to axial loading. However the reconstituted 
material in the discontinuous chalk is likely to influence the deformation behaviour. 
Theoretical plots of the differences between the two extreme cases (intact chalk and 
reduced contact area) aie illustrated in Figure 3-4.
in tac t
red u ced  c o n ta c t a rea
PHASE PHASE 2 PHASE 3 
ax ia l s tra in (%)
in tac t
red u ced  co n tac t area
ax ia l s tra in  (% )
Figure 3-4: Theoretical plot for intact and reduced contact area chalk
From the forgoing discussion, it would follow that larger strains will be observed, at the 
same corresponding stress, for chalk bodies which contain a discontinuity when 
compared with intact blocks. A chalk block with the contact area of less than 100% is
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likely to behave in a less stiff manner than intact material and hence will strain more in I
response to the same foundation loading. However the relationship between true 
contact area and strain is not thought to be simple.
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4. EXPERIMENTAL PROGRAMME
4.1 Introduction
The purpose of the experimental work in this research was to gain greater understanding 
of the mechanisms which control rock mass compressibility. In order to achieve this the 
following experimental objectives were identified:
• the identification of a potentially suitable natural material
• assessment of the uniformity of that natural material
• investigation of the deformation behaviour of the intact natural material
• investigation of the deformation behaviour of that natural material when it 
contained a discontinuity
• cross validation of experimental results and theoretical model
The first objective was to find a source of material which could be used for this work. 
Natmal material was preferred since this more readily represented the real world. 
However natural soils and rocks are generally highly variable, both in composition and 
behaviour. Even uniform or homogeneous natural materials exhibit some variation. A 
potential site was identified and chalk was sampled and taken back to the laboratory. 
Here a number of index tests were carried out to determine the variation in composition 
of the chalk since it is known that the composition and porosity of chalk are the 
dominant controls on the mechanical behaviour [Matthews, 1993]. It was imperative 
that a uniform material was chosen for the research, so that specimen variability did not 
mask laboratory test results. The work was undertaken to assess the uniformity of the 
Needham Market chalk and is detailed in Appendix B.
Once the uniformity of the chalk was established it was possible to investigate the intact 
behaviour' of the chalk. The experimental programme, which comprised one­
dimensional compression tests and triaxial tests, investigated the behaviour of the chalk 
over a range of axial strains and mean effective stresses. The one-dimensional 
compression tests were conducted on both intact and reconstituted specimens. This was 
to investigate the uniaxial strain behaviour of the chalk and to observe the contribution 
made by the presence of bonding. The triaxial tests were performed to investigate the
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yield behaviour of intact chalk and to study any modification in behaviour due to the 
presence of a discontinuity. In addition a suite of uniaxial compressive strength tests 
were conducted to investigate the influence of changes in contact area on the 
deformation behaviour.
The experimental programme involved the specification, design and construction of new 
equipment. Both the one-dimensional compression and triaxial tests were controlled by 
computer and so suitable software had to be written. Accepted test methods had to be 
modified in order that appropriate tests could be conducted. This chapter describes the 
philosophy of the experimental programme, the set-up and testing of the equipment, as 
well as basic experimental procedures, common to each type of test, that were followed.
4.2 Fieldwork
A fieldwork exercise was undertaken in order to become familiar with the natuie of 
chalk rock masses; to observe typical weathering and discontinuity patterns and to 
confirm the relevance of the laboratory testing programme proposed. Seventeen chalk 
exposures in the south east of England were visited, and the rock mass, weathering style 
and discontinuity morphology was observed. The exposures were evaluated in terms of 
the geological and topographical setting, the age of the face, the orientation and dip of 
the strata and the amount of weathering observed. The presence of maicasite nodules 
and flints were also noted, since these provided more detailed information as to the 
geological horizon being observed. The number of discontinuity sets present was noted. 
The spacing, persistence, aperture, amplitude and wavelength, small scale roughness, 
nature of infill and orientation of the dominant set were recorded. The field data is 
summarised in Table 4-1 and Table 4-2.
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This initial phase of fieldwork indicated that the discontinuity pattern in nearly all 
exposures was dominated by subhorizontal and subvertical discontinuities. More 
complex discontinuity patterns were observed in chalk which had been subjected to 
tectonic activity (e.g. Badshot Lea Rifle Range). It was also found that higher porosity 
chalks, such as that at Needham Market near Ipswich, generally contained fewer 
discontinuities than the more brittle, lower porosity chalks, for example that at Stonehill 
Down, near Swanage. Typical discontinuity spacin^for Needham Market were 0.7 m 
compared to 0.3 m at Stonehill Down. It was also found that discontinuity spacing was 
related to the degree of weathering, which agrees with the work of others [Ward et al., 
1968; Wakeling, 1970; Matthews, 1993; Spink & Norbury, 1990]. In broad terms, the 
more weathered the chalk, the more closely spaced and less persistent were the 
discontinuities. The relationship between discontinuity spacing and weathering can be 
masked by the relationship between discontinuity spacing and porosity, and vice versa. 
Further work is required to fully investigate these relationships, and is beyond the scope 
of this study.
The combination of the desk study and fieldwork exercise indicated that the chalk at 
Needham Mai'ket Quarry had not been subjected to intense tectonic activity since it did 
not exhibit a complex or contorted discontinuity pattern, nor appeared to have a variable 
density from initial estimates. Thus the chalk was not anomalous in terms of 
discontinuity pattern and the porosity was likely to be uniform. Since previous research 
had shown that the chalk here had a high porosity and hence low density, it was thus 
suitable for testing in the hi-loader and triaxial laboratory equipment proposed. 
Needham Market was, therefore, chosen as a potentially suitable source of chalk for this 
research.
4,2,1 Needham Market Quarry
The location of Needham Market Quarry, Suffolk, is described in Appendix B. The 
geology of the area is covered by the 1:50 000 geological map no. 27 (Ipswich) which 
was published in 1990. The geology of the area comprises:
• Red Crag and Norwich Crag, 0 to 35m thick, of Plio-Pleistocene age
• Coralline Crag, 0 to 6 m thick
• London Clay, up to 30m thick, of Eocene age
• Woolwich and Reading Beds and Thanet Sands, 0 to 15m thick, Palaeocene
• Upper Chalk, up to 135m thick. Upper Cretaceous
East Anglia was affected by ice sheets during the Pleistocene period and, over much of 
the area around Needham Market, the chalk is covered by glacial deposits which may 
have resulted from the Gipping Glaciation. This was the last great ice advance of the 
Pleistocene period and produced the Upper Chalky Boulder Clay found in this area.
4.3 Laboratory Work
Needham Market chalk was chosen for its high porosity and uniformity, however the chalk 
was very weak; it could be cut with a knife by hand, and fractured easily. As a result 
difficulties were encountered with the preparation and handling of the specimens. 
Standard experimental procedures were followed in order to ensure repeatability and, 
where possible, these confoimed to methods adopted by other researchers in the field to 
allow for comparison. However, some modifications were necessary to make methods 
practicable.
4.3,1 General Calibration Procedures
Calibration is an essential component of experimental work. The accuracy of 
measurements defines the proximity to which readings approach the true value. 
Numerically this is equal to the degree of error in the final result and may be expressed 
as within plus/minus a percentage of the full scale of the instrument. Resolution 
expresses the value of the smallest change in mechanical input which produces a 
detectable change in the output. It depends on the gain selected for the voltage output 
from the instmment to the interface unit, the number of bits over which the analogue to 
digital (A/D) conversion is operated, as well as the calibration constant.
The calibration procedure followed in this work comprised two stages. Initially each 
instrument was calibrated against a stand alone d.c. voltage, with the instrument output 
monitored by a voltmeter. This set up consisted of a circuit which contained a d.c. power 
supply, two voltmeters and the instrument to be calibrated. The excitation voltage supply,
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which was independently checked by one voltmeter, was applied and the output voltage 
from the instrument was recorded from the second voltmeter. This process was repeated 
for a range of excitation voltages from the minimum to the maximum recommended by 
the manufacturer, both for loading and unloading. Each instrument was calibrated three 
times in this way and the results plotted to determine the linear range and associated 
errors.
The second calibration set up comprised the instrument which was connected to one 
channel on an interface unit. This was, in turn, connected to the computer. The 
instrument was stimulated by a Budenburg dead weight apparatus, through which pressure 
or load was applied in increments to the instrument. Initially the zero position was set on 
the CIL interface when the instrument was in the null position, i.e. not receiving any 
excitation voltage. Zero bits were recorded on the computer screen. The gain was then set 
when the instrument was at the maximum reading required for the tests. Here 4000 bits 
was seen on the screen. This ensured that the best resolution was obtained. This was 
followed by detailed calibration which was repeated three times, for both loading and 
unloading, and the calibration curve and associated errors were produced.
The first calibration procedme enabled the instmments to be calibrated directly by an 
independent, known excitation voltage. If they had been calibrated solely by the second 
method, the behaviour of the instrument may have been masked by the influence of the 
interface.
4.4 The Compression System
One-dimensional compression tests are typically conducted in an oedometer apparatus. 
The general principle is that a load is applied in equal time increments to a disc-shaped 
specimen and the vertical deformations are recorded. The specimen is then unloaded 
and these deformations are also recorded. Weights are hung on a hanger arm, which 
loads the specimen via a lever arm. The specimen is laterally confined by a metal ring 
so that the specimen cannot experience lateral strain. The full details of the test method 
can be found in Chapter 5. Conventional oedometer apparatus are designed for soil 
testing and so are unable to achieve the stresses required to produce yield in weak rocks.
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A hi-loader oedometer apparatus was used for this research, which was capable of 
achieving the stresses required. The stress applied to the specimen was calculated as 
follows:
(  i y  — X 5 ^  X Tyj
=
Equation 4-1
where:
(Tv = vertical stress on specimen
jP/ = Air pressure in upper chamber
P2 = Air pressure in lower chamber
Ba = cross sectional area of Belloffam diaphragm
L r = lever arm ratio
D -  specimen diameter
The hi-loader apparatus is shown in Figure 4-1. The apparatus was designed by 
Wykeham Farrance Limited, and was constmcted to take 38 mm diameter specimens. 
The lever arm ratio for this apparatus was 10:1. The loading system had previously 
been modified to use compressed air rather than the more conventional dead weight 
system. The components o f the hi-loader equipment are shown in Figure 4-2. The 
apparatus was levelled prior to the start of any tests by the use of adjustable feet at each 
comer. For safety reasons, the whole hi-loader apparatus was pressure tested to beyond 
the maximum working pressure before any experiments were conducted.
The compressed air supply in the laboratory operated a Belloffam compressed air 
cylinder that contained two air filled chambers, separated by a diaphragm, which was 
attached to the hanger arm of the hi-loader oedometer. The lower chamber was supplied 
with air pressure, Pj, that was fixed at lOOkPa by a manually operated air regulator. The 
pressure in the upper chamber, was variable. When the pressure in the upper 
chamber was increased beyond lOOkPa, the resultant movement of the diaphragm 
caused the hanger arm to move down, thereby increasing the stress on the specimen. The 
compressed air was provided by a Robay compressor that was capable of supplying 
1 OOOkPa pressure, although the maximum pressure used by this test method was 
700kPa. This equated to an applied stress on the specimen of approximately 35 OOOkPa.
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Figure 4-1: Hi-loader oedometer apparatus
The variable pressure in the upper chamber of the air cylinder was controlled by a 
stepper motor that opened and closed an air regulator in the compressed air line. During 
the tests the stepper motor was controlled by computer. The stepper motor was housed 
in a box that had indicator lights wired in to show power supply and the direction of 
travel of the motor. The indicator lights and a wall mounted pressure gauge were fitted 
to facilitate quick checks on the tests.
4.4.1 Instrumentation
All instrumentation was rigorously calibrated prior to the start of testing and was 
subsequently checked prior to each individual test. The accuracy and resolution of each 
instrument was assessed during the calibration procedures and the results are shown in Table 
4-3.
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Instrument Working range Calibration
Constant
Maximum 
error (%)
Maywood Instruments Limited 
load cell SOOkgf 1 N ±0 .0 2
Druck pressure transducer
1 OOOkPa 0.25kPa ±0.17
Druck pressure transducer
1 OOOkPa 0.25kPa ±0 .1
Druck pressure transducer
1 OOOkPa 0.25kPa ±0 .1 2
MPE displacement transducer
25mm 0.00127mm ±0 .1
Budenburg pressure gauge
lObar lOkPa -
Table 4-3: Calibration results of instrumentation used in one-dimensional
compression tests
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This test was mn three times, under the same test conditions proposed for the chalk 
specimens. A best fit curve was fitted to the data obtained, so that corrections to the axial 
strain results calculations could be made.
Pressure
The air pressure in each chamber of the Belloffam air cylinder was monitored by two 
Druck pressure transducers with a pressure range of 0-1 OOOkPa. The initial supply from 
the air compressor to the test equipment was also monitored by a similarly rated Druck 
pressure transducer. A visual aid to the air pressure supplied during a test was provided 
by a wall-mounted Budenburg pressure gauge.
The pressure gauge, air-pressure transducers and air cylinder were calibrated using a 
Budenburg dead load apparatus. The Bellofram air cylinder was calibrated against the load 
cell. Calibration checks, conducted prior to each test were conducted in situ by means of 
T-pieces fitted to the pipework.
Load
The axial load on the hanger arm was monitored by an Maywood Instruments Limited 
SOOkgf load cell (Type U4000), placed in series with the hanger aim. The load cell was 
calibrated in extension by dead weights hung on the hanger arm.
Displacement
The vertical displacements of the specimen were measured by a MPE linear 
displacement transducer, with a 0-25mm range. The displacement transducer was 
calibrated using a Mitutoyo micrometer.
4.4.2 Computer and Interface System
All instrumentation, apart from the pressure gauge, were connected to an interface unit 
which in turn was connected to a computer. The computer acted as a both process 
controller, controlling the movement of the stepper motor, and as a data logger. The 
computer used was an IBM compatible Hewlett Packard AT. The experimental set up 
can be seen in Figure 4-2. Software was written in GWBASIC for DOS to:
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• control supply of compressed air to the tests
• monitor all instrumentation
• record all input and experimental output data on disk
• provide a safety cut out
A flow diagram which illustrates the key parts of the program is shown in Figure 4-3. The 
computer controlled the stepper motor directly but all other control and monitoring was 
done via an interface unit, which is described below. Initially the software was written so 
that a target pressure was calculated for a given time and the stepper motor was controlled 
to chase that pressure. This resulted in the stepper motor continuously changing direction 
because the target pressure was either exceeded or not attained and so the motor reversed 
direction to try to achieve the target pressure. The repeated reversal of direction resulted 
in continuous movement of the diaphragm in the Bellofram air cylinder, which produced a 
constantly increasing/decreasing load on the specimen. The software was then modified 
so that the pressure would be stepped up in regular increments. A safety cut out was 
written into the software so that if the safe working pressure of the equipment was 
exceeded for any reason, the air regulator would be closed down by the stepper motor.
The computer control and monitoring of all instrumentation was achieved via a SGA 1102 
CIL interface unit. The interface unit had several functions:
• It provided the (A/D) conversion of the signal passing to and from the instrumentation
• It amplified the signal emitted from the instrumentation
• It supplied the input voltage for each of the instruments
Each instrument was attached to a separate card within the CIL interface unit, each card 
with individual settings, so that the best individual perfoimance could be obtained.
4.4.3 Specimen Preparation 
Intact Specimens
Cubes of chalk, approximately 50mm by 50mm by 50mm, were prepared using an Errut 
diamond circular saw. The blocks were cut dry since the introduction of a water flush 
caused the chalk to disintegrate. These cubes were covered in cling film and then coated in
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Figure 4-3: Flow diagram for computer control of one-dimensional compression
tests
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wax prior to storage, in order to maintain the natural water content of the chalk.
When a specimen was required, the oedometer specimen ring was placed on the block and 
the chalk pared away with a knife while pressure was maintained on the ring to ensure that 
the ring would pass tightly over the specimen. It was important to maintain this pressure 
since too much resulted in point load failure of the chalk. This sometimes resulted in 
fissures being propagated through the specimens, which rendered them useless. Each 
specimen was 38mm in diameter and 19mm high.
Reconstituted Specimens
A  method of destructuring the chalk was devised in an attempt to produce a 
reconstituted material that may also be representative of material found in 
discontinuities. This was the same method as that for production of material for the 
Atterberg limit tests, see Appendix B. The chalk was ground at its natmal moisture 
content, using a pestle and mortar, and then sieved through a 425 pm sieve. This 
produced a chalk paste that had the consistency similar to toothpaste. The resulting 
material was then mixed on a glass plate to an even consistency and then placed in the 
oedometer specimen ring with a spatula. Care was taken to ensure that no air pockets 
were retained in the specimen.
4.4.4 Experimental Set Up
The Bellofram air cylinder was adjusted prior to the start of the test, using the air 
regulators. This was to ensure that there was sufficient travel in the diaphragm to achieve 
the maximum target stress. The compressed air supply was checked and the computer 
program set up so that it was ready to run. This was to minimise the time in which the 
specimen would be loaded by the apparatus without being logged.
Initially the tests were run with porous stones either side of the intact chalk specimen, but 
the results indicated bedding-in errors due to the relative roughness of both the chalk face 
and the porous stones. Each subsequent test was then carried out using a skim of plaster 
of Paris on each face of the specimen with a smooth top cap in an attempt to reduce such 
errors. The faces of the chalk specimens were wetted prior to application of the plaster to 
ensure that the plaster did not set immediately on contact with the chalk. An additional
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test was carried out with the smooth top cap only to demonstrate the contributing factor of 
the plaster to the deformation observed, which was found to be negligible.
The dimensions and a description of each specimen were recorded. Plaster of Paris was 
spread in the bottom of the oedometer cell and the intact specimen was placed on top, 
more plaster was spread on top of the specimen and the top cap assembled. The loading 
yoke was set up over the top cap so that it was located in the central dimple in the top cap. 
The tests were performed dry because the introduction of water caused the chalk to 
disintegrate. Although it was acknowledged that the chalk would dry out during the test, 
the amount of evaporation was small (<1 0 %) since both faces of the chalk specimen were 
covered when in the cell. The displacement transducer was then brought into contact with 
the loading yoke so that any displacements during the test would be recorded.
The computer program was then initiated and the test progressed automatically, with 
manual checks made twice a day. A thermometer was kept in the laboratory to monitor 
temperature fluctuations and a stopwatch ran for the duration of the test as an independent 
check of the computer’s internal clock.
The set up procedures for the reconstituted specimens were very similar, but some 
modifications were necessary. The existing steel top cap proved be too heavy since it 
caused the specimens to squeeze out around it. A lighter one, made of brass and DurAl, 
was made and was found to be acceptable. An assessment of the modified machine 
compliance was made prior to this suite of tests. Plaster of Paris was not necessary 
since the specimen was so soft that relative roughness between it and the top cap was 
insignificant.
Very large vertical displacements and tilting of the top cap were observed at the start of 
the tests. The test method was modified so that the displacements due to the load of the 
top cap alone were monitored for 24 hours, prior to any additional load being applied. 
This time the displacement transducer was put in direct contact with the top cap, without 
the yoke in position.
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4.5 The Triaxial System
The triaxial system was to be used to study the deformation behaviour of chalk from 
pre-yield, through yield to post- yield. The general principle of a triaxial test is that a 
confining stress (oj) is applied to a cylindrical specimen of soil or rock and an axial 
stress (cry )is applied to the end of the specimen via a loading ram, see Appendix A. The 
specimen deforms axially and radially in response to the applied stress.
The postulated position of the yield surface for the Needham Market chalk, see Figure 
4-4, was modified from an initial estimate based on the results of triaxial tests conducted 
on Stevn’s Klint chalk, which has a similar porosity. Stevn’s Klint chalk from Denmark 
has a porosity of 48% and has been the subject of other research [Leddra, 1990; 
Kâgeson-Loe, 1993]. This information was then used in the choice of an appropriate 
pressure rating for the triaxial equipment.
Hypothetical position 
of yield surface
0
4 000 P’
l/3 (a * i+ 2 a '3 )
3 0002 0001 000
Figure 4-4: Postulated position of the yield surface for Needham Market chalk
In conventional triaxial cells, the maximum radial effective stress that could be applied 
to a specimen was below the isotropic yield of chalk. Consequently a high pressure 
triaxial system was used in order to successfully investigate the behaviour of the chalk. 
A range of high pressure triaxial cells were available, all rated to different cell pressures. 
The anticipated test conditions were estimated, based on the results from tests on similar
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porosity chalks and the appropriate triaxial cell was then purchased. The cell chosen 
was capable of 14 OOOkPa cell pressure and was purchased from Wykeham Farrance 
Limited. This system had similar facilities to those in a conventional triaxial cell, 
although the cell top was made of steel rather than the more usual perspex, and hence 
was opaque. This meant that assembly of the apparatus prior to the start of a test had to 
be conducted blind and it was not possible to observe the specimen during the test. The 
mode and nature of deformation had to be deduced from the output from 
instrumentation located inside the cell. Modifications were made to the basic cell 
design, which included lengthening the cell top to allow for the inclusion of an internal 
load cell, and additional ports in the base of the cell. This cell was capable of 
accommodating a maximum specimen size of 54mm diameter and also a smaller 
specimen, with local instimnentation attached.
Transformer oil, Energol HLP 32 (manufactured by BP Oils) also known as Tellus 27 
(manufactured by Shell Oils)) was selected as the cell fluid. This was electrically inert 
and enabled non-submersible instrumentation to be used inside the cell. Silicon oil had 
been used by previous workers but it was found to react adversely with pipework and 
sealants used inside the cell [Coop, 1994]. It was, however, found that the oil chosen 
reacted adversely with the latex specimen membranes used in triaxial testing, therefore 
neoprene membranes were used since these were inert. These membranes were also 
preferable to the latex membranes since they were thicker and so were more suitable for 
testing at high pressures. The triaxial cell was housed in a Wykeham Farrance Limited 
5 tonne stepless compression machine. All drainage to and from the specimen was via 
the base pedestal. The high pressure triaxial cell set up is shown in Figure 4-5 and 
Figure 4-6.
The cell and back pressure to the specimen were supplied by two GDS pressure 
controllers. The cell pressure controller delivered a maximum of 5 OOOkPa, with a 
resolution of ±4kPa and the back pressure controller supplied a maximum of 3 OOOkPa, 
±lkPa. The cell pressure controller was oil filled so that it was in continuity with the 
cell fluid. Similarly the back pressure lines were filled with de-aired water so that they 
were in continuity with the specimen. The connections between cell and peripheral 
equipment consisted of stainless steel tubing and Swagelok fittings. Stainless steel
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Figure 4-5: Schematic drawing of high pressure triaxial system
tubing was chosen, rather than the conventional plastic tubing, because it could 
withstand the pressures operative during the tests and also had a low coefficient of 
volume expansion. Each drainage port from the base of the cell had two high pressure 
valves, in series, located ether side of the pressure transducer. It was thus possible to 
monitor the pressure on either the pressure controller side of the system or on the cell
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side. The cell was fed by gravity from the oil reservoir and was similarly drained by 
gravity into a beaker at the end of a test.
Special plugs were designed and constructed in order to allow the cables from the local 
axial strain measurement devices, attached to the specimen, to pass from inside the cell 
out to the interface unit. These were pressure tested to ensure that they did not leak. 
The whole triaxial set up was rigorously pressure tested before any laboratory testing 
started.
4.5.1 Measurement o f Small Strain Stiffness
Pre-yield and yield behaviour in intact weak rocks generally occurs at small strains 
(0 .1%) whereas it can be desirable to observe post-yield behaviour to very large strains 
(>10%), particularly in rocks with discontinuities. A method of strain measurement that 
was both accurate and effective over a wide range of strains was therefore necessary. 
The measurement of specimen deformation, which is inside the cell, is normally
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achieved using measuring devices located outside the cell. This results in errors Avhich 
affect the external measurements of axial strains in the triaxial apparatus.
These errors are widely known and are considered to arise from:
• compliance of the load cell and apparatus
• inegulaiities and disturbance of the specimen ends (bedding errors) [Jardine et al., 
1984]
• misalignment between the apparatus and the sample (tilting and seating errors) 
[Jardine et al., 1984]
These errors were overcome as follows:
Compliance errors
The results of tests previously perfoimed on soft sedimentary rocks, with external 
measurement, indicated errors so significant that internal instrumentation was 
recommended [Goto et al.,1991]. Consequently the measuring devices were attached to 
the sides of the specimen, inside the cell. This is known as local instrumentation.
An internal load cell was used since measurements from external load cells are affected 
by the friction between the loading ram and the sealing system. This is significant at 
small deviator stresses and when a moment is applied to the ram due to misalignment of 
apparatus and specimen [Baldi et al., 1988].
Bedding errors
It is known that the ends of specimens are prone to bedding errors and heterogeneous 
stress fields during testing, [Hawkes & Mellor, 1970]. To overcome these errors, local 
strain measurement devices were placed in the middle third of the length of a specimen. 
This part of the specimen was considered to experience uniform stress distributions and 
to be free from end effects.
Misalignment errors
Misalignment errors produce non-uniform deformations in the whole specimen so that 
the axial strains measured diametrically opposite cannot be averaged. It is usual practice
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to use a dimpled top cap in which the end of the loading ram is seated, see Figure 4-7. 
If the maximum axial load is not vertical or if the specimen is not a right cylinder this 
assembly can result in tilting of the specimen. In this triaxial system, a flat top cap was 
used so that any misalignment between the ram and the specimen did not result in non- 
uniform stresses within the specimen. The specimens were also carefully prepared to 
ensure that each was a right cylinder and conformed to published recommendations 
[International Society for Rock Mechanics, 1983].
modified top cap. 
design
conventional 
top cap design
chalk specimen
Figure 4-7: Top cap arrangement to reduce tilting errors
The high stiffness of chalk pre-yield and the small strains observed at yield meant that 
local axial strain measurement was essential in order to accurately record the 
deformation behaviour of the chalk. Two strain instruments, were mounted axially on 
either side of the specimen, in order that non-uniform deformation could be identified.
Mini linear variable differential transformers (LVDTs) were chosen rather than hall 
effect gauges, which are the more usual method of local strain measurement. Hall effect 
gauges were developed at the University of Surrey for local measurement at small 
strains in the triaxial cell. They have been successfully employed with many materials, 
but there is doubt as to their reliability at elevated pressures. In addition, a method of 
measurement was required for this research that did not limit the amount of axial strain 
developed in the sample during testing and that could measure large strain ranges.
1 0 0
Linear variable displacement transformers (LVDTs) were used instead of hall effect 
devices since they are stable under high pressure laboratory conditions and have larger 
operational ranges. They are also small (34.3mm) and light weight (21.25g). LVDTs 
consist of a primary and two secondary coils which are inside the body of the LVDT. A 
metal rod forms the armature which is able to move freely relative to the coils. A 
change in magnetic flux is created by this movement and a variation in electrical output 
signal results. The mini-LVDTs (model D5/200, purchased from RDP) which were 
used for this research were non-submersible and had a range of ±5mm.
Modifications were made to the basic design; a relief hole was drilled into the chassis to 
allow cell fluid to enter the internal components of the LVDT, so that large differential 
pressures within the LVDT did not occur. A "through bobbin bore" was drilled to allow 
the armature to pass right through the body of the LVDT to ensure that no damage 
occurred to the LVDTs when the specimens were taken to large strains. The thread was 
removed from the armature to allow smooth movement through the LVDT body. 
Initially the LVDT connections comprised insulated cable, containing separate insulated 
wires. The end of the cable was sleeved and a special plug designed for the base of the 
cell to minimise the egress of the cell oil via the cable insulation. These connections 
proved to be very fragile. Subsequent generations were made of very light flexible, 
single strand, solid core wire that did not require insulation, were easier to install and 
reduced oil loss. Care had to be taken when soldering the connections because the 
solder pins on the LVDT were very close to the coil. The LVDTs were attached to the 
specimen in the middle third of its length by specially designed brackets as shown in 
Figure 4-8.
The lower bracket consisted of a platform with a small dimple in the centre in which the 
armature of the LVDT was located. This dimple was also thieaded. The shoulder of both 
brackets were machined to fit flush against a 38mm diameter specimen sheathed in a 
neoprene membrane. The upper bracket contained a grub screw that allowed the bracket 
to be tightened around the LVDT to fix it in position.
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Figure 4-8: Local axial strain device brackets on dummy transducer
Two dummy transducers were designed and constructed. There was a small screw at the 
base of the dummy transducer so that the lower bracket could be screwed in position. 
The upper bracket was fixed in the correct position with a spacer which equated to the 
gauge length of 41.85mm. The backs of the brackets were then coated in Loctite gel and 
offered up to the specimen. Care was taken to achieve verticality. They were held in 
position for approximately 10 seconds. When both sets of brackets were glued on to the 
specimen, two neoprene bands were put around the brackets, to prevent tilting, and the 
dummy transducers were then removed.
4.5,2 Instrumentation
The instrumentation used with the high pressure triaxial cell comprised:
• one displacement transducer
• three pressure transducers
• one volume change gauge
• two mini linear variable displacement transformers (LVDTs)
• internal load cell
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The accuracy and resolution of each instrument was assessed during calibration 
procedures and the results are shown in Table 4-4.
Instrument Working range Calibration
Constant
Maximum 
error (%)
Wykeham Farrance load cell
25kN 0.0063kN ±0.06
Druck pressure transducer
20 OOOkPa 1.249kPa ±0.16
Druck pressure transducer
20 OOOkPa 1.250kPa ±0.25
Kulite pressure transducer
14 OOOkPa 1.250kPa ±0.08
MPE displacement transducer
25mm 0.0064mm ±0 .1 2
Imperial College volume change 
gauge lOOcm^ 20.560mm^ ±0 .1
RDP mini-linear variable 
displacement transfoimer ±4mm 0 .0 0 1 mm ±0.125
RDP mini-linear variable 
displacement transformer ±4 mm 0 .0 0 1 mm ±0.125
Table 4-4: Calibration results of instrumentation used in triaxial tests
Pressure
Two of the pressure transducers (manufactured by Druck) and had a range of -lOOkPa to 
20 OOOkPa. The third was rated to 14 OOOkPa (manufactured by Kulite). The pressure 
transducers were calibrated according to the method previously described. They had a 
much greater operating range than the cell pressure capacity of the triaxial set up since 
the GDS pressure controller could only deliver a maximum pressure of 5 OOOkPa. The 
calibration of these transducers was confined to a maximum of 5 OOOkPa, and their 
resolution was increased. The pressure readouts on the GDS pressure controllers 
themselves were calibrated against the pressure transducers.
Load
The internal load cell was manufactured by Wykeham Farrance Limited, and was rated 
up to 25kN. It was calibrated against a d.c. voltage, and was then calibrated in
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compression with the Budenburg dead weight apparatus, since this would be only the 
test condition to which it would be subjected.
Displacement
The displacement transducer was manufactured by MPE and had a range of 0-25mm. It 
was calibrated according to the method described previously.
Both of the RDP mini-LVDTs were supplied with modulation-démodulation (mod- 
demod) units. These units converted d.c. supply to an a.c. excitation voltage which then 
passed to the LVDT. Any movement of the armature induced an a.c. voltage which had 
a maximum of approximately 2 volts. This was fed back to the mod-demod unit that 
amplified the signal to 5 volts prior to passing the signal to the interface unit. The mini- 
LVDTs were calibrated initially against a d.c. supply and a Mitutoyo micrometer gauge 
and the output was monitored on a cathode ray oscilloscope to determine the linear 
range. It was found to be symmetrical about zero. When the LVDTs were connected to 
the interface unit and calibrated it was found that the linear range had altered and 
become asymmetrical. The LVDTs were assessed for a range of excitation voltages and 
demonstrated regular linear, symmetrical demodulated output if the power supply 
exceeded 15 volts. The maximum supply from the CIL interface unit was 12.5 volts, 
which was within the recommended supply range. However it was insufficient to 
produce symmetrical behaviour. Thus the linear range was found to be ±4mm, rather 
than 5mm as stated by the manufacturer.
Once the mini-LVDTs had been calibrated they were used to instrument a dummy 
38mm diameter specimen made of steel. A consolidated shear test was then carried out 
over the course of a week to compare and determine the stability of the output of each 
instrument during the likely length of a test. The maximum displacement recorded was
0.003mm, which was acceptable.
Volume
The volume change gauge was an Imperial College volume change gauge and had a 
capacity of lOOcm .^ It was calibrated using the following set up: the lower chamber was
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connected to a 3 OOOkPa GDS pressure controller, both of which had previously been 
filled with de-aired water. The top chamber was also filled with de-aired water and was 
connected by a stainless steel tube to a glass beaker placed on a measuring balance, 
which was zeroed. The top chamber was emptied into the beaker in regular increments 
by activating the GDS controller and the mass of water was recorded. This method was 
followed until the upper chamber of the volume change gauge was empty. The action 
was then reversed and the mass of water recorded. This was repeated three times to 
ensure repeatability.
4.5.3 Computer and Interface System
The tests were conducted under semi-manual control but with fully automated data 
logging and recording. An IBM compatible 386 computer with 8 Mb RAM was used to 
record the experimental data. The computer was connected to both GDS pressure 
controllers via a serial cable (RS232) and also connected to the CIL interface unit. All 
the electrical equipment were routed through an RS Components voltage conditioning 
unit in order to screen out fluctuations in the power supply.
The specimen could not be observed in the cell and so the status of the tests was
monitored continuously by means of graphical output displayed from EXCEL, running 
under WINDOWS 3.1. All the data was captured directly from DOS. This was
achieved by the modification of an existing module, written in VISUAL BASIC for
EXCEL, which shelled out of WINDOWS, logged the data, and then returned to the 
WINDOWS environment. A flow chart of the data capture process is shown in Figure 
4-9. Additions were made to the module to read the data at set time intervals into a 
spreadsheet, to plot and refresh graphs on the computer screen, and to write the data set 
to disk. These graphs displayed the progress of key variables in engineering units, 
facilitating assimilation. Separate modules were run for each stage of the tests so that 
the graphs which were displayed could be varied. The autosave facility in EXCEL was
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Figure 4-9: Flow diagram of data capture process for triaxial testing
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Figure 4-10: Graphs seen on the computer screen during shear stage of triaxial 
test
activated and set to 2 hours in each module in case of power failure. Figure 4-10 is an 
example of the graphs seen on the computer screen during shear.
4,5.4 Specimen Preparation
Prior to any triaxial or uniaxial testing of the chalk, decisions had to be made regarding 
the optimum size of specimen to test. Workers in rock mechanics have traditionally 
used specimens with a length to diameter {L/D) ratio of 2.5 whereas it is standard in soil 
mechanics tests to use a reduced ratio of 2 .
It was important that the sample size was a representative elemental volume since the 
results of the test were intended to represent the properties of the material mass. It was 
considered that specimen diameter should be selected on the basis of grain size of the 
material being tested. A ratio’of D/d of approximately 10 was suggested, where D was the 
sample diameter and d  the maximum grain diameter [International Society for Rock 
Mechanics, 1981]. The factor which controlled the defect structure was approximately 
equal to the grain size of the intact material. This was because, for a material with
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randomly orientated grains, the area of influence of an individual grain extended outwards 
to a radius of approximately two grain diameters. So, it could be postulated that the stiess 
field inside the test specimen was unaffected by the free surface to within two grain 
diameters of the surface. From this it followed that the ratio of the area unaffected by the 
proximity to the surface, A to the total cross section area. As, was:
Equation 4-2
where:
A ' = area unaffected by the proximity to the surface 
As = total cross section area 
D = specimen diameter 
d  = maximum grain diameter
The relationship is illustrated in Figure 4-11 and suggests that a ratio of D/d of more than 
20 may be desirable. Since the grain size of the chalk is in the order of several microns, 
this condition is easily satisfied. Recent work suggests that the minimum D:d should be in 
the order of 10:1, with a ratio as low as 6:1 for weak rocks [SPRINT, 1993].
< 0.6
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Figure 4-11: Area of specimen cross section, which is free from surface effects, as a 
function of specimen diameter [after Hawkes & Mellor, 1970]
108
In terms of absolute size, the upper limit of size for test specimens is rarely more than NX 
size (54mm) [Hawkes & Mellor, 1970]. This is thought to be related mainly to practical 
considerations such as testing machine capacity and the expense of sample preparation. 
The lower recommended limit is considered by other workers to be NX core size or 
certainly not less than 50mm [International Society for Rock Mechanics, 1981; SPRINT, 
1993]. However it was decided that the specimen size would be 38mm diameter, for the 
following reasons:
• 38mm diameter easily satisfied the minimum D:d ratio
• local instrumentation of the test specimens was to be used. Space limitations within 
the cell limited the maximum specimen diameter to 38mm
• the recent body of work canied out on bonded materials used 38mm diameter 
specimens and it was intended to make comparisons between this research and the 
related previous work
Previous work indicates that the ratio of length to diameter {L/D) of unity is insufficient 
for rock mechanics testing purposes because the entire sample would be influenced by end 
effects. With reference to sample length, there is evidence that, for rough and rigid platens, 
the apparent uniaxial compressive strength decreases as the ratio of length to diameter 
increases. Further evidence suggests that lubricated platens cause the apparent uniaxial 
compressive strength to increase as L/D increases, tending to some asymptotic value at 
large values of L/D. It would appear, therefore, that the optimum choice for L/D would be 
some value that approaches the asymptote but that is sufficiently small that buckling or 
misalignment considerations are not serious. A safe upper limit for L/D has not been 
established, but practical experience suggests that it is approximately 4 [Hawkes & 
Mellor, 1970].
There is agreement between workers who have considered a lower limit for L/D. It is 
suggested that a lower limit for L/D should be taken at the point where the negative slope 
of the strength versus L/D curve increases most abruptly, see Figure 4-12. It can be seen 
that this point ranges from L/D of 1 to 2.5. It has been found that the fi-acture angle, which 
is the way in which the sample breaks at the ends in a wedge or conical shape, is a 
function of L/D. However this relationship ceases for L/D of more than 2.5. Some 
workers adopt a L/D of 2.5 for their testing and consider that a minimum ratio of 2 is
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acceptable [Hawkes & Mellor, 1970]. Other recommendations are a minimum L/D of 2.5 
and a ratio of 2.0 to 3.0 [International Society for Rock Mechanics, 1981; SPRINT, 1993]. 
On the basis o f this a L/D ratio of 2.0 was selected since this satisfied the minimum L/D 
ratio recommended and ensured compatibility with the results of other workers [Leddra, 
1990; Cuccovillo & Coop, 1993; Kâgeson-Loe, 1993; Cuccovillo, 1995].
The most usual method of specimen preparation for triaxial or uniaxial testing of rock is 
to core cylinders from lumps of rock with a pillar drill. In the early stages of the 
experimental work it was found that this was not practically possible since the chalk 
disintegrated under the stresses induced and the use of a flush.
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Figure 4-12: Influence of length/diameter ratio [Hawkes & Mellor, 1970]
Three types of triaxial specimen were required for testing:
• intact specimen
• specimen single horizontal planar discontinuity
• specimen with single discontinuity with reduced contact area
1 1 0
Intact Specimens
The chalk specimens were prepared with a hand lathe. This method, which is usually 
only used for soil specimens, was possible because the chalk was so weak. A block was 
placed in the soil lathe and turned down to 38mm diameter, using a piano wire. The 
specimen was then placed in a 38mm split mould and the ends pared away, using a 
knife. The ends were then finished using a straight edge to produce a right cylinder 
38mm diameter and 76mm long, within published tolerances [International Society for 
Rock Mechanics, 1983]. These specimens were then labelled, wrapped in cling film, re­
waxed and stored until use.
Specimen with a Planar Discontinuity
The same procedure was followed for specimens that contained a single horizontal 
planar discontinuity, but additionally, the specimen was cut in half using a Cutrock 
circular saw, prior to the ends being faced off. The saw cut was placed at approximately 
the half way position since the middle third of the specimen experiences the least 
distortion of stresses due to end effects. This single saw cut was performed without a 
water flush and the specimen was held in two separate split moulds to provide support 
to each half. Once the saw cut has been introduced, the four ends of the specimen were 
finished as described above. Care was taken to ensure that adjacent faces were reunited 
after facing.
Specimen fo r  Investigation o f  Influence o f Contact Area
There was an additional stage involved for the preparation of these specimens. Initially 
a saw tooth profile was to be cut into the surface of one half of the specimen since this 
approximated to asperities observed in the field. However difficulty was experienced in 
producing repeatability since the tops of the saw teeth tended to break off. The 
objective was then modified to producing a surface profile that was easy to construct 
and reproduce. In addition it still had to be representative of the discontinuity geometry 
observed in the field. Consequently a hatched geometry was chosen in which grooves 
were etched into one surface of one half of the specimen. This was not intended to be a 
complete representation of discontinuity geometries observed in the field, which are 
neither simple to analyse nor easy to reproduce in the laboratory. Two orthogonal sets 
of parallel grooves were nominally chosen, see Figure 4-13.
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Figure 4-13: Groove arrangement to produce reduced contact area
This arrangement was chosen because it would be possible to etch into the chalk. The 
number and width of each groove was then determined to give a desired overall contact 
area. The width was calculated, according to the following deduced equation, based on 
the approximation that each groove length was equal to the specimen diameter of 
38mm.
((:r + y) X D X w) -  ((% X )/) X
Equation 4-3
which rearranges to give
~ (x  + y)Dw  + = 0
Equation 4-4
where;
D = diameter of specimen
Ar -  area of specimen face to be removed
w = width of grooves
X -  number of grooves in x-direction
y  = number of grooves in y-direction
This was a quadratic equation in w with two solutions, one of which was not practical. 
This calculation was repeated for a number of different known contact areas. It was 
found that two orthogonal sets of three grooves, was the most practicable. The results 
are shown in Table 4-5. The far right hand column shows the valid solutions to the 
equation. The quadratic term for w related to the intersection of the orthogonal grooves, 
of which there were nine, see Figure 4-13. Experimentally, this term was expected to be 
numerically very small such that its influence may not have been discernible.
1 1 2
Contact Area 
(%)
Surface Area to be 
Removed, A r  ^(mm^)
Possible Width of Grooves to be 
Removed, w (mm)
75 283.5 24.02 1.31
50 567.1 22.54 2.80
25 850.6 20.79 4.54
15 964.0 19.97 5.36
10 1020.7 19.52 5.81
Table 4-5: Results of reduced contact area calculations
The height of the asperities, hi, was based on field data. The ratio of discontinuity 
wavelength to amplitude which was obseived in the field at Needham Market was 
approximately unity, consequently the ratio of the width, w, and asperity height, hi, was 
taken to be unity. A split mould was then modified so that it contained a series of slots 
around its circumference, giving a castellated appearance at one end, see Figure 4-14.
One half of the specimen was placed in the mould and brought to be flush with one end 
by the use of plastic top caps. The top of the specimen was then marked with the width 
of groove to be cut and the grooves themselves cut using a hacksaw fitted with a 2.5mm 
rodsaw blade. The half containing the grooves was then assigned to the bottom half of 
the specimen; this policy was followed in all of the reduced area tests. The specimen 
with the greatest contact area (51%) was prepared first. The slots in the same split 
mould were then widened symmetrically for the next test and so forth through to the 
15% contact specimen.
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Figure 4-14: Modified split mould for production of reduced contact area 
specimens
4.5.5 Experimental Set Up
Prior to the start of each test, a description of each specimen was made which included 
its dimensions, and the position of the discontinuity, if relevant. This procedure was 
repeated at the end of the test. The back pressure line and volume change gauge were 
flushed with freshly de-aired water. The base pedestal was kept immersed in de-aired 
water.
All instrumentation was calibrated and the volume change gauge adjusted to allow for 
both fluid expulsion and ingress to the specimen. A data capture program, written in 
QUICK BASIC45, was initiated so that the response of all instrumentation could be 
monitored throughout the set up procedures.
The specimen was slipped horizontally onto the base pedestal, which displaced the de- 
aired water. This was to prevent air fl"om being trapped in the system. The specimen 
was then immediately covered with a neoprene membrane, nominally 0.4 mm thick, and
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the top cap assembled. Some specimens, which contained a discontinuity, required 
more than one membrane since the high differential pressures during the test caused the 
membranes to puncture.
Two o-rings were put below the base of the specimen to seal the membrane to the base 
pedestal. The back pressure line was opened and the specimen gently squeezed upwards 
so that the de-aired water could displace any air trapped between the specimen and the 
membrane. The positions of the local axial strain device brackets were then mar ked on 
with chalk and the brackets were located in position, using the dummy transducer. The 
local axial strain devices were then fitted into the brackets, using the spacer to hold them 
in position while the grub screw was tightened. The armature was dropped through the 
local axial strain device body and located in the dimple in the bottom bracket. The local 
axial strain device output was then checked on the computer to ensure that it was within 
range and that allowance was made for extension as well as compression.
It is usual practice to pin the brackets directly to the specimen, through the membrane. 
This is so that any movement in the specimen is transmitted directly to the local axial 
strain devices and movement of membrane relative to specimen is prevented. The 
procedure was not followed because this would provide a potential means of access for 
cell fluid to penetrate the specimen. The high differential pressures were considered 
sufficient to prevent significant relative movement of specimen and membrane.
Two o-rings were then placed above the top of the specimen around the top cap, as can 
be seen in Figure 4-15. In total, two sets of two o-rings were used at the top and bottom 
of the specimen so that if one failed, a seal would still be maintained. The cell top was 
then placed on the base and bolted down.
The local axial strain device output was monitored on the computer screen during 
assembly to ensure no disturbance to the instnmientation. This was the only way to 
check if the local instrumentation had been knocked or damaged since the cell top was 
solid steel and thus obscured vision. The nuts were tightened in sequence (opposite nuts 
tightened) with a torque wrench to a maximum torque of 3kgf. This was done to ensure 
verticality and centrality of the ram. Care was taken to ensure that the o-ring at this seal
115
top cap
top bracket —
bottom bracket
base pedestal
o-nngs
LVDT body
LVDT armature
chalk specimeno-nngs
Figure 4-15: Triaxial specimen assembly prior to testing
was kept clean and free of particles since this would have an adverse effect on verticality 
and might allow leaks.
The cell was then filled with oil and the ram placed in position near the top of the 
specimen. This was achieved by marking the position of the specimen on the ram. When 
the internal load cell was immersed (calculated by rate of fill) the load cell and local axial 
strain device readings were taken as zero readings. The cross-beam of the loading frame 
was brought down into position to prevent the cell fluid from pushing the ram to the top 
of the cell. When the cell was full, the system was sealed and the EXCEL computer 
logging program started.
1 1 6
Most tests had thiee stages:
1 . saturation
2 . compression
3. shear (drained or undrained)
L Saturation Stage
The degree of saturation of a soil is expressed by the pore pressure coefficient, B. In 
fully saturated soils the compressibility of the pore fluid is considered negligible 
compared with that of the soil skeleton. It can be seen from Equation 4-5 that if  CfCs 
-> 0 then B -> 1. Therefore B has a value of 1 when the soil is fully saturated.
1
where:
B — pore pressure coefficient 
n = porosity
Cv = compressibility of pore fluid 
Cs = compressibility of skeleton
B value is calculated from:
Aw
Act,
Equation 4-5
Equation 4-6
where:
u = pore pressure 
05  = cell pressure
Each triaxial test had a saturation stage. Initially a small positive cell pressure of 20kPa 
and zero back pressure was applied. Any free water inside the membrane was expelled 
into the back pressure line. When the system had equilibrated, the cell was isolated and 
the cell pressure increased to lOOkPa. The cell pressure valve was opened and the 
system held until pore pressures inside the specimen stabilised. This could be observed
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from the time pore pressure graph on the computer screen. The back pressure line was 
then opened and held until all volume change had occurred. This method was repeated 
with both the cell and back pressure increasing in manual steps of lOOkPa, to a 
maximum of 1 lOOkPa for the cell pressure and 1 OOOkPa for the back pressure. The 
changes in B value over the saturation process were monitored and full saturation was 
considered to be achieved when the B value became constant. Initially saturation was 
carried out over a day but the B values obtained indicated that the specimens were not 
fully saturated. Consequently each stage was held for longer so that the whole 
saturation process required 48 hours.
In laboratory testing in rock, the high stiffness of the rock skeleton means that water 
cannot be considered to be an incompressible fluid and so full saturation corresponds to 
B values less than 1 [Skempton, 1954; Chiu et al, 1983]. However, B values in excess 
of 0.9 were generally achieved for the triaxial tests conducted in this research. This was 
thought to be because of the high compressibility of the chalk skeleton in relation to the 
compressibility of the pore fluid. B values in excess of 0.9 have also been achieved in 
chalk by others [Kâgeson-Loe, 1993].
2, Compression Stage
Prior to the start of isotropic compression, the specimen was isolated by the closure of 
all valves to the cell and the compression EXCEL module was initiated. The cell 
pressure controller increased the pressure in the line by 250kPa and then the cell 
pressure valve was opened so that the cell pressure increased. The pore pressure was 
monitored on the computer screen and the back pressure line valve was opened once the 
pore pressure had stabilised. The compression increment was complete when the 
volume change and axial strain output was stable for a period of 5 minutes. This 
procedure was repeated in 250kPa increments until the target cell pressure, which was 
different for each test, was reached.
3, Shear Stage
During the application of cell pressure, the triaxial apparatus "stretched" and in the 
isotropic compression stage the specimens underwent height changes, with the result 
that the ram was no longer in contact with the specimen. The ram was placed near the
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top of the specimen prior to the start o f the shear stage by manually winding the bottom 
platen of the loading frame up towards the cross beam, while watching the output of the 
local axial strain devices and the load cell on the computer screen. The QUICK 
BASIC45 data capture program was used here. As soon as any change was registered 
the platen was backed off and the compression machine then put in gear ready for the 
start of the sheai" stage.
For the undrained shear tests, the valves between the cell and the pressuie transducers 
were kept open and those between the transducers and the back pressure line were 
closed. This meant that the specimen was unable to expel any pore fluid and the 
transducers were then monitoring pore pressure within the specimen rather than the 
value of back pressure. In the drained tests all valves were kept open to allow drainage 
of pore fluid from the specimen.
The shear module in EXCEL was initiated and the motor on the loading frame was then 
set running so that the bottom platen moved upwards. All shear stages were conducted 
at a displacement rate of O.OOlmm/min and at constant cell pressure. The compression 
machine occasionally did not engage which meant that the indicator lights showed 
upward movement, but there was no movement of either the platen or the handle. The 
displacement rate was sufficiently slow as to be imperceptible and so a nut was placed 
on the handle which fell off if the handle rotated. This indicated that the machine was in 
gear.
4.5,6 Standard Corrections
The results of each triaxial test underwent several standard corrections prior to analysis 
of the data. These were:
• membrane corrections
• cross sectional area corrections
Membrane corrections
The influence of latex membranes on the response of stiff materials, such as chalk, is 
considered to be insignificant [Head, 1985a]. However, multiple membranes were used
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in the tests conducted on reduced contact area specimens and this thickness of neoprene, 
which is also stiffer than latex, may have influenced the results.
The modulus of the neoprene membrane was determined [Henkel & Gilbert, 1952].
Thereafter the type of correction applied depended on the mode of deformation
undergone by the specimen [Head, 1985a, 1985b]. When the specimen underwent
ductile, barrelling deformation, the correction was taken to be:
_  0.4M „£„(100-£„)c „ =  g
Equation 4-7
where:
Cm ~ membrane correction
Mm = modulus of neoprene membrane
Sa = axial strain
D = specimen diameter
This relationship was used to produce a standard correction graph for the thickness of 
one neoprene membrane. When multiple membranes were used, the correction from the 
graph was multiplied by:
multiple correction = single correction x (—  x
Equation 4-8
where:
38 = diameter of membrane 
D = diameter of specimen 
tm -  total thickness of membrane 
0 .4 -  thickness of one membrane 
(note all units in mm)
When the specimen underwent brittle failure, with the development of a failure plane, 
the membrane distorted in a different manner compared with during barrelling. The 
baiTelling correction was applied until the strain at which the failure plane first 
developed. Thereafter the set of curves shown in Figure 4-16 was used to correct the 
measured stress. The values from the curves were multiplied by Equation 4-8, when 
membranes with a total thickness in excess of 0.4mm were used.
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Figure 4-16: Membrane corrections for brittle failure [Head, 1985a]
Cross sectional area corrections
These had to be applied at every stage of every test in order that the stresses could be 
correctly calculated. Again, the nature of the correction applied was dependent on the 
mode of deformation [Head, 1985a, 1985b]. When specimens barrelled, the following 
correction was applied:
undrained case
A. = 100( 100- '
Equation 4-9
where:
Ac ~ corrected area 
6a = axial strain
Ao = original cross-sectional area
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drained case:
AV
K1A- — _  A /  X  An
1 100
Equation 4-10
where:
Ac = corrected area 
6a = axial strain
Ao = original cross sectional area 
AF=  change in specimen volume 
Vo -  original specimen volume
A different correction was applied when the mode of deformation was brittle, with the 
development of a shear* plane which reduced the cross sectional area. The cross 
sectional area at which the slip plane develops was calculated, using the barrelling 
correction. The axial strain, 6a, at which the slip plane was initiated was identified from 
measuring the displacement along the slip surface in the specimen, z. The longitudinal 
movement, AL, due to the slip plane was given by
AL = ZCOS0
Equation 4-11
where:
AL = axial displacement
z = displacement along slip surface
cos6=  angle of slip plane to vertical axis
The deformation at the start of slip is given by subtracting the corresponding axial 
displacement, AL, from the total axial deformation. A correction factor was then applied 
to the deviatoric stress, from this point in the test onwards.
6 %/ , =  [1 +(0.060 x ^ ) ]
Equation 4-12
where:
fs = correction factor
cos 6= angle of slip plane to vertical axis
6a = axial strain
1 2 2
5. INVESTIGATION OF DEFORMATION BEHAVIOUR OF 
INTACT AND DISCONTINUOUS CHALK
In foundation engineering, yielding of the ground, rather than failure, is important 
because yielding marks the change from stiff behaviour to one in which there are large 
strains, manifested as large settlements of structures. A number of laboratory tests were 
conducted on Needham Market chalk in order to investigate the deformation behaviour 
and, most importantly, the nature of yield. The laboratory work comprised an 
investigation of the intact behaviour of the chalk followed by an investigation o f chalk 
which contained discontinuities of varying form. The chalk specimens with 
discontinuities represented an idealisation of a simple rock mass. This work is 
summarised in Table 5-1.
5.1 One-Dimensional Compression Tests
One-dimensional compression tests were conducted in order to investigate the yield 
behaviour of Needham Market chalk under conditions of zero lateral strain. Specimens 
of intact chalk and reconstituted chalk were tested and the results compar ed so that the 
contribution of structure to the behaviour of the intact chalk could be more clearly 
identified. In addition this work also served as a useful indicator of chalk uniformity, 
building on the work described in Appendix B.
5,L I Method
The experimental set up and specimen preparation details have been fully described in 
Chapter 4. One-dimensional compression tests were performed on 38mm diameter 
specimens of both intact and reconstituted chalk in a hi-loader odeometer apparatus. 
These tests were carried out based on the constant-rate-of-loading method of continuous 
consolidation [Head, 1985a]. It is usual to conduct these tests with the specimens 
immersed in water, however this was found to have a deleterious effect on the chalk 
structure and so all tests were conducted dry. The chalk specimens were loaded in 
increments of 0.25kPa/min to a maximum stress of 35 OOOkPa and subsequently 
unloaded to atmospheric pressure. This rate was chosen because it was sufficiently fast
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TEST TYPE SPECIMEN No TESTS TEST DETAILS
1-d compression 
max. c i=  35 OOOkPa Intact
19 mm^
8 m m
1-d compression 
max. <Ji= 35 OOOkPa Reconstituted
19 mm^
s = 0
Triaxial 
0 3 -  500 to 4 OOOkPa Intact 76 mm 03
38 mfîi
Triaxial 
(J3 -  500 to 4 OOOkPa
Single planar 
discontinuity
V
76 mm
38 mm
38 mm
Uniaxial Reduced
contact
area
76 mm Ui'crn
38 mm
38 mm
Triaxial 
G3 -  500 to I 500kPa <2 0 % contact 
area
76 mm U iU  U
< - 0 3k
38 mm
38 mm
Table 5-1: Summary of laboratory tests
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for the effects of creep to be insignificant. A total of five intact chalk specimens and six 
tests on reconstituted chalk were conducted and each test lasted approximately 4 days.
5,1.2 Results
A summaiy of the intact one-dimensional compression tests conducted on the Needham 
Market chalk are shown in Table 5-2 and Figure 5-1.
SPECIMEN NM21 NM41 NM42 NM51 NM61
INITIAL 
WATER 
CONTENT (%) 35.5 35.5 31.8 5.8 31.1
FINAL WATER 
CONTENT (%) 25.4 19.4 2 0 .2 24.1 17.2
INITIAL VOID 
RATIO, e 0.965 0.963 0.898 0.953 0.908
MIN. VOID 
RATIO 0.567 0.513 0.466 0.495 0.450
VOID RATIO 
CHANGE 0.398 0.450 0.432 0.458 0.458
STRESSAT 
LINEAR LIMIT 
(kPa) 900 1272 3249 1 0 1 0 1050
YIELD
STRESS
(kPa) 2450 2960 4200 3230 2500
Table 5-2: Summary of one-dimensional compression tests on intact specimens
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Figure 5-1: One-dimensional compression test results for intact specimens of
Needham Market chalk
Table 5-2 and Figure 5-1 show that the one-dimensional compressional behaviour of the 
chalk was very uniform, which was indicative of the material's compositional uniformity. 
Convex vertical stress-void ratio curves were produced for all specimens, which was 
typical of bonded materials and weak sedimentary rocks.
The starting point of each test was typified by a large initial void ratio, e, which was 
close to 1, at low stresses. There was very little vertical strain of the specimens, prior to 
the linear limit, due to the stiffness imparted to the chalk skeleton by cementation. 
Beyond the linear limit, the strain behaviour was plastic and purely compactional since 
lateral deformation was prevented by the oedometer ring. Yield was indicated by a sharp 
change in gradient of the vertical stress-void ratio curve. This signified a large increase 
in chalk compressibility due to the loss of bonding and cementation as the chalk fabric 
continued to weaken. Further axial deformation was the result of collapse
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and densification of the porous fabric, known as pore collapse. The shape of the yield 
curve appeared to vary, with a marked yield point observed in samples with low final 
water contents (NM41, NM42 & NM61). In these specimens, the linear limit generally 
occuned relatively close to yield. A more gradual yield was observed for specimens 
with higher final water contents (NM21& NM51), and the linear limit occurred well 
before the yield stress. These two specimens also recorded the highest initial water 
contents and so a correlation may exist between the style of yield and water content. 
The magnitude of yield stress appeared to be independent of water content, but it did 
increase with decreasing initial void ratio, as expected.
All the results showed a concave form to the post yield curves, which agrees with 
previous work carried out on bonded and structured materials [Burland, 1990; Leroueil 
& Vaughan, 1990]. At this stage of the test, further compaction of the chalk was due to 
grain crushing. The intact specimens all demonstrated the same trend in behaviour with 
small deviations associated with natural variability and experimental measurements. 
They also agreed well with previous work carried out on Needham Market chalk 
[Matthews, 1993]. A comparison of these results can be seen in Figure 5-2. Both sets of 
specimens came from different locations in the quarry, at different times (approximately 3 
years apart), which further supported the view that the chalk here was uniform.
In comparison, a summary of the tests conducted on reconstituted chalk are shown in 
Table 5-3 and Figure 5-3. The reconstituted specimens had initial void ratios that were 
lower than those of the intact tests, see Table 5-3. This reflected the lower porosity due 
to the loss of structure derived from bonding and cementation. Some of the tests 
demonstrated a high change in void ratio in response to a low change in applied stress, 
which was due to compression under the load of the top cap only.
Five of the six specimens (NMD21, NMD41, NMD51, NMD62 & NMD81) followed 
the same overall pattern in the vertical stress-void ratio curves. This comprised an 
initial convex portion, followed by a concave portion in the vicinity of yield, and finally 
a second convex portion at high applied stresses. The terms linear limit and yield were 
used in this research to delimit the change in deformation behaviour from elastic to 
plastic due to loss of bonding and structure, and so their use with respect to
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Figure 5-2: Comparison with previous work of one-dimensional compression
tests on intact chalk
reconstituted material may seem erroneous. However it was useful to use them here, in a 
modified sense, since they highlighted some interesting aspects of the reconstituted 
behaviour. The mechanical breakdown of bonding during preparation of these 
reconstituted specimens resulted in very little, if any, bonding, remaining in the chalk. It 
was expected that yield in the reconstituted chalk would represent the onset of grain 
crushing rather than the start of the loss of bonding, as in the intact material. Grain 
crushing would occur at lower stresses than in the intact tests, and hence the linear limit 
and yield would occur at similar stresses. The proximity of the linear limit and yield in 
intact tests indicated almost simultaneous loss of bonding, which resulted in pore 
collapse, and the start of grain crushing.
Larger vertical strains were observed before the linear limit in these specimens than in the 
intact specimens. This was because there was no stiff intact fabric to resist the 
deformation induced by the applied stress, and so deformation was not recoverable.
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SPECIMEN NMDll NMD21 NMD41 NMD51 NMD62 NMD81
INITIAL WATER 
CONTENT (%) 27.18 33.80 33.33 32.26 29.45 32.20
FINAL WATER 
CONTENT (%) 12.81 14.39 1 2 .0 0 10.31 1 1 .1 1 1 1 .0 0
INITIAL VOID 
RATIO, e 0.844 0.907 0.919 0.865 0.795 0.874
MIN. VOID 
RATIO 0.498 0.448 0.508 0.462 0.406 0.419
VOID RATIO 
CHANGE 0.346 0.459 0.411 0.403 0.389 0.455
STRESS AT 
LINEAR LIMIT 
(kPa)
330 480 440 830 205 175
YIELD
STRESS
(kPa)
500 600 490 1 0 0 0 230 890
Table 5-3: Summary of one-dimensional compression tests on reconstituted
specimens
The vertical deformation during this stage was likely to be due to the collapse of the 
voids remaining within the material. The linear limit and yield generally occurred at 
lower stresses than for the intact material. Yield marked the end of the first convex 
portion of the curves, and the start of an increased rate of compaction. Other work has 
reported that reconstituted chalk was more compressible than other granular materials,
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such as sands, due to the incompressibility of sand grains compared with chalk coccoliths 
and particles [Kâgeson-Loe, 1993]. From Figure 5-3, it is clear that the majority of the 
chalk compaction occurred after yield, therefore grain crushing appeared to be the main 
compaction mechanism during these tests.
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Figure 5-3 : One-dimensional compression test results for reconstituted Needham 
Market chalk
Figure 5-3 and Table 5-3 demonstrate that 2 specimens (NMD51 & NMD81) displayed 
higher yield stresses than the other reconstituted tests. The stress difference between the 
linear limit and yield was also greater for these two tests. These specimens had been 
loaded solely by the top cap for 48 hours prior to the application of stress increments. 
The other tests had been subjected to the top cap loading for 24 hours only. The 
apparent increase in yield stress, seen in these 2 specimens (NMD51 & NMD81), may 
have been due to secondary cementation in the reconstituted chalk. This would have 
resulted in some measure of bonding which would have had to be destroyed in order for 
yield to occur. This would account for the separation of the linear limit and yield.
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There was a marked difference in the yield behaviour between the intact and 
reconstituted chalk, as can be seen in Figure 5-4. As previously described, this 
difference was attributed to the presence of bonding in the intact material, which was 
absent in the reconstituted chalk. Defonnation in the intact material was due to 
progressive weakening of the stiff, intact fabric, which resulted in loss of bonding and 
pore collapse at yield, followed by grain crushing. In the reconstituted material, 
deformation appeared to be predominantly due to grain crushing only. Grain crushing 
was initiated at lower stresses in the reconstituted material but the rate at which it 
proceeded was faster in the intact tests. This was thought to be due to greater stress 
concentrations in the intact material due to localised pore collapse.
contribution 
made by 
structure and 
bonding to yield 
behaviour of 
intact chalk
0.8
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100,00010,00010 100 1,000
vertical stress (kPa)
Figure 5-4: Comparison of one-dimensional compression results for intact and
reconstituted Needham Market chalk
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Figure 5-4 indicates that both suites of tests tended to similar void ratios at high stresses, 
which suggested that both suites achieved the same ultimate state in which there was a 
total loss of bonding and structure. The behavioui' observed described the transition 
from a porous material with bonded fabric, prior to yield, to one which was uniformly 
disaggregated and in a granular, particulate state. Similar behaviour has been observed 
in other bonded materials, including other chalks [Leroueil & Vaughan, 1990; Addis, 
1987; Leddra et al., 1990b], see Chapter 2.
5.2 Triaxial Tests Conducted on Intact and Discontinuous Chalk
Triaxial tests were then carried out on thiee types of chalk specimen, with different 
geometries as shown in Table 5-1, to test the influence of discontinuities on the 
deformation behaviour. The same suite of six tests, as shown in Figure 5-5, was 
repeated on each specimen type, so that any changes in behaviour could be directly 
compared. This section discusses triaxial tests conducted on intact specimens and ones 
which contained a single planar discontinuity, see Figure 5-6. The specimens with 
discontinuities were considered to represent a very simple, idealised rock mass. In 
addition the results o f two unconfined compressive strength (UCS) tests (NMT21 & 
NMT22) are presented here for completeness. The complete suite of UCS tests are fully 
reported in the next chapter, together with the triaxial tests conducted on specimens with 
reduced contact area ratio. During the shear stage of the tests the total confining stress 
was held constant and only the axial stress was varied. The resulting total stress paths 
had a Sq/Sp ratio of 3, as derived in Appendix A.
5,2,1 Method
An initial isotropic compression test was conducted on the Needham Market chalk to 
determine the position of the cone of the yield surface. The results located isotropic 
yield at a mean effective stress of approximately 2 500kPa. This was then used to 
determine the maximum isotropic stress for each test in the suite shown in Figure 5-5.
Each specimen was saturated by the application of back pressure increments for 
approximately two days. Saturation was followed by a compression stage, the end point
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Figure 5-5: Stress paths of the suite of triaxial tests conducted
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Figure 5-6: Intact and single planar discontinuity triaxial specimens
133
of which was varied to cover different isotropic effective stresses, ranging from 500kPa 
to 4 OOOkPa.
The shear stages were conducted at constant cell pressure and at a displacement rate of 
O.OOlmm/min. Earlier tests had been run at slower displacement rates of 
0 .0 0 0  Imm/min but it was found that the specimen appeared to compress due to creep, 
induced by the confining stress, rather than from the axial stress. This was indicated by 
a decrease in load as the ram lost contact with the specimen. The suite of tests shown in 
Figure 5-5, was conducted on both intact specimens and specimens which contained a 
single horizontal planar discontinuity.
5.2.2 Results 
Intact tests
The results of the tests are summarised below in Tables 5-4 and 5-5.
TEST No.
(refers to Fig: 5-5)
1
NMT34
2
NMT44
3
NMT74
4
NMT72
5
NMT41
6
NMT73
INITIAL POROSITY
(%) 50.64 49.21 50.73 48.96 51.02 50.07
B VALUE 0.898 0.900 0.563 0.793 0.962 0.450
MAX. 0 3 * (kPa) 500 750 1 0 0 0 1 500 2 250 4 000
TOTAL AXIAL 
STRAIN IN 
COM PRESSION (% ) 0.008 0.006 0.043 0.0511 0.0911 3.480
TOTAL
VOLUM ETRIC 
STRAIN IN 
COM PRESSION (% )
0.024 0.013 0.024 0.184 1.240 9.322
SHEAR undrained undrained drained diained drained no shear
Table 5-4: Initial conditions of intact specimens
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Test numbers 3 and 6  were the first to be conducted and it was found that, in these two 
tests, the saturation stage was not of sufficient duration to achieve full saturation. The 
duration of this stage was increased from 1 to 2 days which resulted in final B values 
that were generally in excess of 0.9, see Chapter 4 for details.
Compression at low effective stresses resulted in small volumetric and axial strains 
which were observed in five of the tests. This was due to the elastic stiffness provided 
by the intact, bonded fabric. These specimens were considered to be still within their 
linear limit (recoverable deformation) at the end of the compression stage. In test 6  
(NMT73) much larger strains were seen and this is discussed later in this chapter.
The results for the shear stage of each test are shown in Table 5-5 and Figure 5-7. As 
explained in Chapter 2, the chalk material became apparently stronger from test 1 to 6 , 
as the mean effective stress increased. The mode of deformation similarly passed from 
brittle failure to ductile deformation, marked by the lessening of the rapid drop in 
deviatoric stress after peak stress from test 1 through to 5, see Figure 5-7.
Test 1 and 2 (NMT34 & NMT44) and the UCS test (NMT22) were the only three to 
attain brittle failure, which occurred at peak deviatoric stress. The point at which such 
failure occurred defined the position of the brittle failure line (BFL) in p'/q stress space, 
see Figure 5-8. The BFL was part of the peak state envelope, which defined the limit of 
permissible states for the chalk. It can be seen that test 2 (NMT44) achieved peak state 
at lower stresses than that defined by the BFL. This may have been due to 
heterogeneities within the specimen, producing stress concentrations which, in turn, led 
to premature failure. Post-failure the stress paths for tests 1 and 2 fell back onto the 
postulated critical state line (CSL). The stress path of the UCS test followed the same 
gradient as a drained test, since there was no change in the effective confining stress. 
The initial, elastic, part of the test was demonstrated by a steep gradient to the stress- 
strain curve, with an associated high stiffness which was due to the intact nature of the 
chalk fabric. The onset of plastic behaviour in both tests was marked by the limit of 
linear behaviour of the intact fabric which was exceeded prior to the attainment of peak 
strength. This suggested that permanent weakening of the fabric had occurred prior to 
failure. Beyond this point, stiff strain behaviour continued but the style of deformation
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TEST No.
(refers to Fig: 5-5)
1
NMT34 ■
2
NMT44
3
NMT74
4
NMT72
5
NMT41
6
NMT73
MAX. a s ’ (kPa) 500 750 1 0 0 0 1 500 2 250 4 000
SHEAR undrained undrained drained drained drained no shear
INITIAL 
STIFFNESS, Esec 
(GPa)
2.13 1.95 1.53 9.36 1.33 3.46
LINEAR LIMIT 
STRESS (kPa) 1239 701 891 704 157 2736
AXIAL STRAIN AT 
LINEAR LIMIT 
(kPa)
0.058 0.036 0.058 0.008 0 .0 1 2 0.072
VOLUMETRIC 
STRAIN AT LINEAR 
LIMIT (kPa)
- - 0.169 0.048 0 .0 0 0.887
YIELD STRESS 
(kPa) 1338 841 1205 1549 760 3364
AXIAL STRAIN AT 
YIELD (%) 0.071 0.068 0.124 0.063 0.877 2.109
VOLUMETRIC 
STRAIN AT YIELD 
(%)
- - 0.314 0.337 1.240 6.303
PEAK STRESS (kPa) 1349 884 1354 1735 2 1 1 2 3999
AXIAL STRAIN AT 
PEAK STRESS (%) 0.092 0.182 0.233 0.083 6.870 3.480
VOLUMETRIC 
STRAIN AT PEAK 
STRESS (%)
- - 0.460 0.385 5.703 9.322
FINAL
DEVIATORIC 
STRESS (kPa)
1077 809 1744 1705 2 1 1 2 3999
FINAL AXIAL 
STRAIN (%) 1.877 0.968 11.862 1.287 6.870 3.480
FINAL
VOLUMETRIC 
STRAIN (%)
- - 7.015 1.178 5.703 9.322
Table 5-5: Summary of shear test results for intact specimens
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Figure 5-7: Axial strain versus deviatoric stress for intact specimens
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Figure 5-8: Unconfîned compressive strength and undrained stress paths for
intact specimens
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became increasingly contractive, see Figure 5-8 and Figure 5-9, due to the progressive 
weakening of the intact fabric. Yield and failure then followed, which was marked by 
the peak stress. There was then a sharp loss of strength and stiffness in the specimens, 
post-failure, as they rapidly strain softened.
At larger axial strains (>0.5%) test 1 demonstrated strain hardening before a constant 
residual stress was attained at strains beyond 0.8%. The failure displayed by the second 
test was less sudden, in terms of changes in stress-strain behaviour, than the first. This, 
and the fact that the initial compression stress for the second test was greater than the 
first, indicated that failure was becoming more stable. The post peak stress strain 
softening in the second test did not occur in such an uncontrolled manner, which 
demonstrated that additional energy input was required for the specimen to achieve its 
ultimate failure state (CSL) and residual strength.
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Figure 5-9: Average axial strain versus excess pore pressure for intact specimens
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The excess pore pressure and stress path plots for both tests, shown in Figures 5-8 and 
5-9, indicated that the deformation behaviour was generally contractant. Contractant 
shear deformation was demonstrated by a build up of excess pore pressure and a 
reduction in mean effective stress. Contractant behaviour was most marked in the 
second test. The maximum excess pore pressure (311kPa and 531kPa) occurred at 
higher axial strains than those measured at maximum peak stress. This was followed by 
a drop in excess pore pressure which was indicative of the specimens trying to dilate in 
response to intensifying distortion and movement along the newly formed failure plane. 
This coincided with a sharp drop in deviatoric stress. There was then a subsequent 
increase in the excess pore pressures, which was most marked in test 2  and was 
indicative of contractant behaviour. Finally the deviatoric stress and excess pore 
pressures stabilised at larger strains which indicated that the material had achieved 
critical state. The discrepancy between the axial strain at peak stress and that at peak 
excess pore pressure concurred with behaviour observed by others [Vaughan, 1985]. 
They found that the excess pore pressure continued to rise after the initiation of failure 
indicated by the stress-strain response, due to continued contractive deformation. 
Another reason for this discrepancy may have been due to pore pressure measurement at 
the base of the specimen. This would result in a delay between the generation of pore 
pressures at the failure plane and their measurement at the base. However this effect 
would be more significant in materials of lower permeability than chalk. The pattern of 
pore pressure behaviour observed during the tests was similar to that for loose, or lightly 
overconsolidated soils, see Chapter 2.
Examination of the specimens from test 1 and 2 (NMT34 & NMT44) post-test indicated 
that a distinct shear plane had developed which separated two blocks of intact material. 
The failure planes developed at 30° and 28° to the vertical axis of the specimen, see 
Figure 5-10, which signified typical brittle failure. Shear deformation in test 1 
(NMT34) was strongly heterogenetic, since pore collapse and failure occurred in a very 
localised area, along the shear plane, while much of the specimen remained intact and 
unaffected by failure. In contrast, test 2 (NMT44) displayed more complex failure, with 
evidence of plastic deformation and loss of visible stmcture in areas remote from the 
failure plane, which was indicative of ductile flow of the chalk. This was in addition to
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the creation of a shear plane. The differences in the failure behaviour observed was 
likely to be due to the influence of confining pressure.
The third and fourth tests in the suite (NMT74 & NMT72) showed typical elastic- 
perfectly-plastic behaviour. These specimens demonstrated the transition from brittle 
(test 1 & 2 ) to ductile deformation behaviour, with increasingly more stable modes of 
failure. Neither test resulted in yield during the isotropic compression stage and so the 
initial part of the shear stage was marked by a linear elastic response with high stiffness 
as the intact fabric resisted deformation. There was then a loss of linearity to the stress- 
strain curve and yield in both specimens was marked by a loss of stiffhess. The style of 
deformation became increasingly contractive once the linear limit was exceeded, marked 
by an increasing rate of volumetric strain. Ductile failure occurred at almost constant 
stress, see Figure 5-7.
failure
plane
Figure 5-10: Failure plane in previously intact specimen
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The fifth test in the suite (NMT41) also showed elastic-plastic, ductile defoimation 
behaviour. The linear limit had not been exceeded during isotropic compression and so 
an initial linear elastic response was observed, marked by a steep gradient on the stress- 
strain curve and associated high stiffhess. The intact fabric began to deform once the 
linear limit was exceeded and the specimen compacted volumetrically. There was then 
a progressive loss of stiffness, marked by yield, due to pore collapse in the specimen. 
Failure was not observed and the specimen continued to strain harden with increasing 
axial strain. Volumetric compaction was most likely to have started in the weakest 
elements of the specimen which then became stronger, denser and hence more resistant 
to deformation, known as work hardening. The volumetric compaction then promoted 
failure in adjacent localities as the stresses increased. The progressive collapse of pores 
appeared to limit brittle behaviour and this eventually resulted in substantial ductile 
yielding as the compressional strength of the intact fabric was overcome.
Visual examination of these three specimens (tests 3, 4 & 5) indicated that failure 
appeared to be much more pervasive and homogeneous than the first two tests (NMT34 
& NMT44). Inspection of the specimens revealed that one (NMT74) deformed by the 
development of many parallel planes that were thought to be the loci of intersection of 
inclined rupture planes. No shear planes were visible in the specimens tested at higher 
confining stresses (NMT72 & NMT41) and all three specimens developed a ductile, 
barrel shape, see Figure 5-11. The chalk itself was softer than before the test, which was 
indicative of substantial disruption of the bond structure during triaxial shear 
deformation. The higher confining stiess tended to inhibit any dilatant behaviour and 
promoted a more pervasive inter-granular mode of failure which was likely to have 
concentrated around the original heterogeneities within the specimen.
Test 6  (NMT73) was the only specimen of the suite in which the linear limit was 
exceeded and which underwent yield in isotropic compression, see Figure 5-12. This 
specimen had a higher stiffness than the rest of the suite which was a reflection of the 
influence of confining pressure. The limit of linear behaviour occurred at 2736kPa and 
was followed by marked yielding, with associated increased axial strains and volumetric 
strains, at a mean effective stress of approximately 3364kPa. As the linear limit was
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Figure 5-12: Isotropic compression of intact specimen (NMT73)
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exceeded pore collapse was initiated which was followed by yield the progressive 
destruction of bonding, pore collapse and grain crushing. This resulted in a reduction of 
specimen height and volume, with associated fluid expulsion. Visual inspection of the 
specimen after the test indicated appreciable thinning and shortening had occurred.
The stress paths followed by the whole suite of intact tests, including an unconfined 
compressive strength test (NMT22), are shown in Figure 5-13. Drained and undrained 
stress paths should occupy different v:p':q (specific volume: mean effective stress: 
deviatoric stress) stress space since there is no volume change in undrained tests and 
volume change in drained tests. However it was considered reasonable to plot them
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Figure 5-13: Stress paths for intact triaxial suite
143
together since previous work has indicated little difference in yield surface geometiy, 
in p':q stress space, between the drained and undrained case. This is due to the 
development of negligible excess pore pressures within the yield surface [Kâgeson- 
Loe, 1993]. Yield occuned at different points for each of the stress paths shown in 
Figure 5-13 which implied that the onset of yield, and therefore the compressibility of 
the chalk, was influenced by the magnitude of the deviatoric stress and the confining 
pressure.
The positions of the brittle failure line (BFL) and critical state line (CSL), shown in 
Figure 5-13, were based on the UCS test and tests 1 and 2, The critical stress ratio, M, 
which is the gradient of the CSL, was 1.68, which equated to a critical fiiction angle, 
for chalk of 41®, which agreed well with published values for carbonate sands of 40® 
[Atkinson, 1993]. At low effective stresses relatively unstable, brittle failure dominated 
the deformation of the chalk and consequently the linear limit, yield and failure all 
occurred at similar stresses. Here it could be seen that the shape of the linear limit and 
yield surface was somewhat confused. This was because of the unstable nature of 
failure at these low stresses, where any heterogeneities within the specimens resulted in 
stress concentrations which then influenced failure. As the effective confining stress 
increased, there was a transition to more stable, increasingly contractive, ductile failure, 
in which the linear limit occurred before yield and yield occurred well before failure. At 
high effective stresses, the linear limit and yield were exceeded during isotropic 
compression. Dilatant behaviour was inhibited and failure was not obseiwed. On the 
isotropic compression line the linear limit occurred at low mean effective stresses and 
yield occurred at much higher stresses. This transition in behaviour from brittle to 
ductile deformation was manifested by the divergence of the linear limit and yield 
surface for the intact chalk, see Figure 5-13.
The lineal' limit represented the initiation of the progressive loss of bonding with 
compressive failure of the larger pore spaces, with small associated changes in volume. 
Yield marked the start of grain crushing as well as major loss of cementation and was 
associated with large volume change (strain) [Vaughan, 1985; Leddra et al., 1990a and 
1990b; Anderson et al, 1992; Petley et al., 1992]. Recent pétrographie studies of the 
change in chalk fabric during deformation confirm this explanation [Kageson-Loe, 
1993].
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The separation between the linear limit and yield surface was in contrast with previous 
findings, which reported that the linear limit and yield coincided in chalks with a porosity 
greater than 45%. The coincidence of the two was suggested to be due to the 
simultaneous occurrence of loss of bonding and grain crushing, but this did not occur for 
Needham Market chalk under the test conditions used in this research. The form of the 
linear limit and yield surface was similar to that proposed for chalks of lower porosities 
than Needham Market chalk, and other soft rocks [Leroueil & Vaughan, 1990].
Figure 5-14 illustrates the amount of axial strain accumulated during deformation of the 
intact chalk.
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Figure 5-14: Axial strain (%) contours for intact Needham Market chalk
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The strain contours demonstrate the progressive evolution of the strain state from the 
outset of the test, and have not been set to zero at the start of shear (unlike previous 
figures). It can be seen that, in the elastic domain prior to the linear limit, the intact 
chalk behaved as a stiff material with very low accumulated axial strain (note that the 
first two contours are at 0.025% intervals). Beyond the linear limit there was a decrease 
in stiffhess which was marked by the closer spacing of the strain contours (now at 0.5% 
intervals). The linear limit was generally exceeded before 0.05% accumulated axial 
strain at medium to high mean effective stress (>1500kPa).
At yield there was a further loss of stiffness in the intact chalk but then there was a 
bifurcation in the accumulated strain behaviour:
« for tests conducted at low mean effective stress, yield and brittle failure was followed 
by marked strain softening and large axial strains. This was manifested by the 
continued close spacing of the strain contours beyond failure. The complicated 
pattern of strain contours in this area was due to the unstable nature of failure at these 
low stresses, as explained previously.
® at high mean effective stresses, yield was followed by ductile deformation behaviour 
with associated strain hardening. This was manifested by an increase in the strain 
contour spacing, post yield. (It should be noted that the 3.0% and 3.5% contours 
coincided on the isotropic compression line because the specimen continued to strain 
under constant mean effective stress.)
The deformation behaviour of intact Needham Market chalk demonstrated 
characteristics of both an intact, elastic porous rock which exhibited a brittle failure 
surface and of a granular soil. Similar deformation behaviour has been previously 
reported for other weak sedimentary rocks [Farmer, 1983]. At stresses within the linear 
limit, the chalk behaved as a weakly bonded rock and elastic strains dominated. Beyond 
these stresses, permanent strains occurred and the chalk structure began to disintegrate 
progressively and the behaviour tended to that observed for a granular soil. Further 
triaxial tests on chalk would be required to fully test these similarities.
An increase in compression stresses resulted in yield of the fabric followed by 
progressive compaction and densification. This non-linear behaviour of chalk was
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unlikely to be reversible under normal engineering conditions since the elastic strength 
which existed prior to deformation was due to bonding and cementation. The 
compressibility behaviour of intact chalk was defined by the linear limit and yield. The 
point at which the linear limit and yield was exceeded could vary but was dictated by the 
operational deviatoric stress and the confining pressure in a given engineering situation.
Single Planar Discontinuity Test Results
The results of the tests are summaiised in Tables 5-6, and 5-7. Final B values in excess 
of 0.9 were obtained for this suite.
TEST No.
(refers to Fig: 5-5)
1
NMTC23
2
NMTC24
3
NMTC26
4
NMTC37
5
NMTC31
6
NMTC32
INITIAL 
POROSITY (% )
51.04 48.76 49.55 50.21 49.37 50.33
B VALUE 0.949 0.962 0.975 0.962 0.606* 0.921
MAX. 0 3 ' (kPa) 500 750 1  0 0 0 1 500 2  0 0 0 4 000
TOTAL AXIAL 
STRAIN IN 
COMPRESSION
(%)
0.083 0.076 0.104 0.476 0.186 2.531
TOTAL 
VOLUMETRIC 
STRAIN IN 
COMPRESSION
(%)
0.172 0.341 0.443 0.416 0.702 8.540
SHEAR undrained undrained drained drained drained no shear
* saturation stage completed but data lost due to power failure
Table 5-6: Initial conditions of single planar discontinuity specimens
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Compression at effective stresses less than the linear limit resulted in small volumetric 
strains in the tests. This was due to the elastic stiffhess provided by the intact, bonded 
fabric. In contrast to the intact material, noticeable compressive axial strains were 
recorded at low stresses below the linear limit, see Figure 5-15, particularly for tests 3, 4, 
5 and 6 .
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Figure 5-15: Isotropic compression stages for single planar discontinuity suite
The axial strains observed during compression were likely to be due to closure of the 
discontinuity aperture as a result of yield and failure of the very small asperities on the 
discontinuity surface, rather than compression of the bulk intact chalk fabric. Preparation 
techniques attempted to achieve a smooth horizontal saw cut in these specimens, but in 
practice, this was impossible to obtain since no surface was ever completely smooth 
Therefore small scale surface roughness was present at the discontinuity faces in the form 
of tiny asperities, which resulted in a true contact area that was less than the total cross- 
sectional area of the specimen, as discussed in Chapter 3. This true contact area was 
then calculated in order that stresses during the test could be correctly calculated.
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The magnitude of yield and failure of these asperities was insufficient to produce a 
perceptible response in any of the instrumentation used in the tests, other than small 
changes recorded by the local axial strain devices. However it was necessary to modify 
the analysis of the results to allow for the change in contact area from the starting 
conditions to the point at which the asperities yielded, when the contact area became 
1 0 0 % of the total cross-sectional area of the specimen.
The methodolgy for a suite of UCS tests, which is described in Chapter 6 , had to be 
additionally modified to allow for the saturation and isotropic compression stages in this 
suite of triaxial tests. The point at which yield of the asperities occurred may have been 
during the isotropic compression or shear stage, so the magnitude of confining stress, 
0 5 ', needed to cause yield was calculated. The presence of the membrane, spanning the 
discontinuity, meant that the asperities were subjected to a confining stress less than the 
cell pressure. This confining stress was taken to be zero since yield, in this case, would 
occur at the lowest axial loads because there would be no contribution to strength from 
confinement. Therefore the asperities were treated as experiencing an uniaxial stress 
regime.
In Figure 5-16, the top end of the specimen experienced the confining stress, 0 3 ', and so 
the axial load due to this stress can be calculated:
Equation 5-1
where:
0 3 '=  confining stress
As = total cross-sectional area of the specimen 
P = axial load
At the asperities, the horizontal component of the confining stress is zero and the 
vertical component becomes equal to the axial stress, 0 7 '. The load, P, at the end of the 
specimen, due to the confining stress, is therefore equal to the axial load on the 
asperities. The yield stress of a material is considered to be a constant and the axial load 
at which yield occurs, which is the same as peak load in uniaxial stress conditions, is 
given by:
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P„= a , y. A,
where:
Pp = peak axial load (at yield) 
C7p = peak (yield) stress 
AI -  initial contact area
Equation 5-2
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0 3 '
point contact 
at asperity tip
surface roughness 
exaggerated on planar 
discontinuity
Figure 5-16: Single planar discontinuity specimen subjected to isotropic effective 
stress
When the axial load, P, due to the confining stress, equals the peak value of axial load, 
Pp, then yield of the asperities occurs and the contact area between the top and bottom 
half of the specimen increases. If the axial load, P, is less than the peak axial load, Pp, 
required to cause yield then the asperities remain intact and the contact area is 
unchanged. The initial contact area, Ai, used in Equation 5-2, was taken from the UCS 
results described in Chapter 6 , and was 57%. It was anticipated that the contact area in 
the triaxial tests would be greater than this value, due to potential secondary 
cementation during the stages prior to shear, as well as any deformation during the 
compression stage. Therefore the effective confining stress which caused asperity yield 
was an upper bound value, and was calculated to be 785kPa.
These calculations indicated that yield of the asperities had not occurred during the 
compression stage of tests 1 and 2 , which was supported by the low axial strains 
recorded, compared with those for the rest of the suite. Asperity yield was considered to
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have occurred during compression in tests 3, 4, 5 and 6 , and these demonstrated much 
larger axial strains than tests 1 and 2. At the start of shear the contact area in tests 1 and 
2  was less than 1 0 0 % and therefore modifications had to be made to the analysis to 
allow for this.
The initial contact area for tests 1 and 2 was calculated from a comparison of the peak 
load from this suite with the conesponding peak load from the intact suite. Both were 
in excess of 90% total cross-sectional area. This contact area was taken to remain 
constant until the asperities yielded, when the tme contact area increased to 1 0 0 % of the 
specimen cross-sectional area. Yield of the asperities occurred when the axial 
(deviatoric) stress, calculated using the reduced initial contact area, was the same as the 
yield stress of the corresponding intact test. Tests 1 to 5 were still within their linear 
limit (recoverable deformation) at the end of the compression stage since yield of the 
asperities did not significantly influence the main body of chalk (supported by the lack 
of response of the instrumentation).
The results for the shear stage of each test are shown in Table 5-7 and Figure 5-17. The 
general pattern of behaviour was similar to the intact suite described previously, see 
Figure 5-7. The mode of deformation passed from brittle failure to ductile deformation, 
with higher stiffnesses recorded for test 6  due to the higher confining pressures. The 
concave stress-deformation curve, for rocks containing a single discontinuity was not 
observed in these tests. This was because discontinuity closure had substantially or 
totally occurred during isotropic compression.
Test 1 and 2 (NMTC23 & NMTC24) and the UCS test (NMT21) were the only three of 
the suite to attain brittle failure, see Figure 5-18. Post-failure the stress paths of tests 1 
and 2 fell back onto the postulated critical state line (CSL). The initial, elastic, part of 
these tests was demonstrated by a steep gradient to the stress-strain curve, with an 
associated high stiffhess which was due to the intact nature of the chalk fabric. The 
onset of plastic behaviour in both tests was marked by the limit of linear behaviour of 
the intact fabric which was exceeded prior to the attainment of peak strength. This 
suggested that permanent weakening of the fabric had occurred prior to failure. Beyond 
this point, stiff strain behaviour continued but the style of defoimation became
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increasingly contractive, see Figures 5-18 and 5-19, due to the progressive weakening of 
the intact fabric. Yield and failure followed, which was marked by the peak stress. 
There was then a progressive loss o f strength and stiffness in the specimens, post­
failure, as they strain softened to a residual strength.
Both the peak and residual strength recorded for tests 1 and 2 (NMTC23 & NMTC24) 
in this suite were of very similar value to the corresponding tests in the intact suite. The 
failure displayed by these tests was less sudden, in terms of changes in stress-strain 
behaviour, than that observed for test 1 (NMT34) in the intact suite. This suggested that 
failure was more stable in the single planar discontinuity tests 1 and 2 (NMTC23 & 
NMTC24) than in the conesponding intact tests. The post peak stress strain softening in 
the single planar discontinuity tests did not occur in such an uncontrolled maimer, which 
indicated that additional energy input was required for the specimen to achieve their 
ultimate failure state (CSL) and residual strength.
The stress path and excess pore pressure plots for both tests, shown in Figures 5-18 and 
5-19, indicated that the deformation behaviour was generally contractant. Contractant 
behaviour was most marked in the second test. Both stress paths were almost vertical, 
see Figure 5-18, due to the limited generation of excess pore pressures. As the linear 
limit and then the yield point were exceeded, increased generation of excess pore 
pressures led to a reduction in mean effective stress (stress paths turned to left).
The peak in excess pore pressure (320kPa and 515kPa) occurred at higher axial strains 
than those measured at maximum peak stress. This behaviour was also reported for the 
corresponding intact tests. This was followed by a drop in excess pore pressure, which 
was more marked in test 1 (NMTC23) and was indicative of the specimen trying to 
dilate in response to intensifying distortion and movement along tlie newly formed 
failure plane. This coincided with a drop in deviatoric stress. In test 2 (NMTC24) there 
was then a subsequent increase in the excess pore pressures which was indicative of 
further contractant behaviour. Finally the deviatoric stress and excess pore pressures in 
both tests stabilised at strains beyond failure which indicated that the material had 
achieved critical state. The discrepancy between the axial strain at peak stress and that at 
peak excess pore pressure concurs with behaviour observed by others [Vaughan, 1985].
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TEST No.
(refers to Fig: 5-5)
I
NMTC23
2
NMTC24
3
NMTC26
4
NMTC37
5
NMTC31
6
NMTC32
MAX. 0 3 ' (kPa) 500 750 1 0 0 0 1 500 2  0 0 0 4 000
SHEAR undrained undrained drained drained drained no shear
INITIAL 
STIFFNESS, Esec 
(GPa)
0.78 1 .1 0 0.54 0.23 2.25 2.96
LINEAR LIMIT 
STRESS (kPa) 1161 948 1245 6 6 6 428 2711
AXIAL STRAIN 
AT LINEAR LIMIT 
(kPa)
0.148 0.086 0.229 0.290 0.019 0.080
VOLUMETRIC 
STRAIN AT 
LINEAR LIMIT 
(kPa)
- - 0 .2 2 2 0 .2 2 0 0 .0 0 0 1.140
YIELD STRESS 
(kPa) 1227 1261 1516 1 1 1 2 1169 3474
AXIAL STRAIN 
AT YIELD (%) 0.163 0.130 0.321 1.891 0.144 0.446
VOLUMETRIC 
STRAIN AT YIELD 
(%)
- - 0.369 1.053 0.266 4.246
PEAK STRESS 
(kPa) 1227 1261 1733 2382 3255 3984
AXIAL STRAIN 
AT PEAK STRESS 
(%)
0.163 0.130 8.295 11.762 1 0 .2 2 2 2.532
VOLUMETRIC 
STRAIN AT PEAK 
STRESS (%)
- - 5.736 7.637 8.661 8.540
FINAL
DEVIATORIC 
STRESS (kPa)
1074 897 1733 2382 3255 3984
FINAL AXIAL 
STRAIN (%) 6.489 6.480 8.295 11.762 1 0 .2 2 2 2.532
FINAL
VOLUMETRIC 
STRAIN (%)
- - 5.736 7.637 8.661 8.540
Table 5-7: Summary of shear tests results for single planar discontinuity suite
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Figure 5-17: Axial strain versus deviatoric stress for single planar discontinuity 
specimens
The pattern of pore pressure behaviour observed during tests 1 and 2, see Figure5-19, 
were very similar to that described previously for the corresponding tests in the intact 
suite, see Figure 5-9.
Examination of the specimens from test 1 and 2 (NMTC23 & NMTC24) post-test 
indicated that a distinct shear plane had developed which separated two blocks of intact 
material. The failure planes developed at 29° and 30° to the vertical axis of the specimen, 
see Figure 5-20, as expected from theory and in good agreement with the relevant tests 
from the intact suite.
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Figure 5-18: Unconfîned compressive strength and undrained stress paths for 
single planar discontinuity specimens
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Figure 5-19: Average axial strain versus excess pore pressure for single planar 
discontinuity specimens
155
failure
plane
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cut
Figure 5-20: Failure plane in single planar discontinuity specimen
It can be seen from Figure 5-20 that the shear plane cut through the horizontal saw cut 
as if the chalk specimen was intact. The top and bottom half of the specimen were 
tightly welded together and hence did not appear to significantly influence the mode of 
deformation or failure. Welding of the two halves may be due to adhesion, secondary 
cementation or interlocking between granular elements of reconstituted chalk produced 
by crushing along the discontinuity boundary during shear. Specimens from tests 
aborted prior to shear were also welded together along the saw cut. Secondary 
cementation was one explanation for the apparent bonding across the saw cut, supported 
by evidence from the one-dimensional compression tests on reconstituted chalk. This 
may be confirmed by inspection of scanning electron micrographs (SEM) of the chalk at 
the saw cut boundary, although secondary overgrowths may not be visible.
Both tests 1 and 2 (NMTC23 & NMTC24) displayed failure more complex than simple 
shear, with evidence of plastic deformation and loss of visible structure in areas remote 
from the failure plane, in addition to the creation of the plane. This was indicative of
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ductile flow of the chalk and was very similar to the style of deformation observed in 
test 2  of the intact suite.
The third test in the single planar discontinuity suite (NMTC26) showed typical elastic- 
perfectly-plastic behaviour. This specimen marked the transition from brittle (test 1 and 
2 ) to ductile deformation behaviour, with increasingly more stable modes of failure. 
The initial pait of the shear stage was marked by a linear elastic response with high 
stiffhess as the intact fabric resisted deformation. There was then a loss of linearity to 
the stress-strain curve and yield was marked by a loss of stiffhess. The style of 
deformation became increasingly contractive once the linear limit was exceeded, 
indicated by increasing positive volumetric strains. Ductile failure occurred at almost 
constant stress, see Figure 5-17. This behaviour was also observed for tests 3 and 4 in 
the intact suite.
The fourth and fifth test in the suite (NMTC37 & NMTC31) also demonstrated elastic- 
plastic, ductile deformation behaviour. The linear limit had not been exceeded during 
isotropic compression in either case and so an initial linear elastic response was 
observed, marked by a steep gradient on the stress-strain curve and associated high 
stiffness. The intact fabric began to deform once the linear limit was exceeded and the 
specimen compacted volumetrically. There was then a progressive loss of stiffhess, 
marked by yield, due to pore collapse in the specimen. Failure was not observed and the 
specimen continued to strain harden with increasing axial strain. Test 5 of the intact 
suite demonstrated similar behaviour.
Visual examination of three specimens (tests 3, 4 & 5) indicated that failure appeared to 
be much more pervasive and homogeneous than tests 1 and 2 (NMTC23 & NMTC24). 
No shear planes were visible in any of the three specimens tested at higher confining 
stresses (NMTC26, NMTC37 & NMTC31) and all three had developed a ductile, barrel 
shape, see Figure 5-21.
The chalk itself was softer than before the test, which was indicative of substantial 
disruption of the bond structure during triaxial shear deformation. The higher confining 
stress tended to inhibit any dilatant behaviour and promoted a more pervasive inter-
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Figure 5-21: Sketch of plastic deformation in single planar discontinuity specimen
granular mode of failure which was likely to have concentrated around the original 
heterogeneities within the specimen. Like the other tests in this suite, the horizontal saw 
cut was also tightly welded.
Test 6  was the only specimen of the suite in which the linear limit was exceeded and 
which underwent yield in isotropic compression, see Figure 5-22. The limit of linear 
behaviour occurred at 2711kPa and was followed by marked yielding, with associated 
increased axial strains and volumetric strains, at a mean effective stress of 
approximately 3474kPa, which were very similar to that found for the equivalent intact 
test, see Table 5-5. Visual inspection of the specimen after the test indicated a thinning 
and shortening had occurred, although the amount of deformation appeared to be less 
than the corresponding intact specimen. The measured axial strains were less than for 
the intact material and might have been an artefact produced by creep in the intact 
specimen compression results.
The stress paths followed by the whole suite of single planar discontinuity tests, 
including an unconfined compressive strength test (NMT21), are shown in Figure 5-23.
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Figure 5-22: Isotropic compression of single planar discontinuity specimen 
(NMTC32)
Yield occurred at different points for each of the stress paths which indicated that the 
onset of yield, and therefore the compressibility of the chalk, was influenced by the 
magnitude of the deviatoric stress and the confining pressure.
The positions of the brittle failure line (BFL) and critical state line (CSL), shown in 
Figure 5-23, were based on the UCS test (NMT21) and tests 1 and 2 (NMTC23 & 
NMTC24). The position of the BFL envelope was controlled by the UCS test result, 
which failed at higher stresses than the undrained triaxial tests 1 and 2. The higher 
strength of the UCS test may have been due to specimen variability. The critical stress 
ratio, M, was 1.74, which equated to a critical friction angle, of 42°, was very similar 
to the value obtained previously. This was expected since it represented the friction 
angle of reconstituted chalk material, which was independent of the initial state of the 
chalk. At low effective stresses unstable, brittle failure dominated the deformation of 
the chalk and consequently, the linear limit, yield and failure all occuiTed at similar 
stresses. As the effective confining stress increased, there was a transition to more 
stable, increasingly contractive, ductile failure, in which the linear limit occurred before
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yield and yield occurred well before failure. At high effective stresses the linear limit and 
yield were exceeded during isotropic compression. Dilatant behaviour was inhibited and 
failure was not observed. On the isotropic compression line the linear limit occurred at 
low mean effective stresses and yield occurred at much higher stresses. This transition in 
behaviour from brittle to ductile deformation was manifested by the divergence of the 
linear limit and yield surface for the single planar discontinuity suite.
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Figure 5-23: Stress paths for single planar discontinuity triaxial suite
Figure 5-24 illustrates the amount of axial strain accumulated during deformation of the 
single planar discontinuity suite. It can be seen that, in the elastic domain prior to the 
linear limit, the chalk behaved as a stiff material with low accumulated axial strain (note 
that the first two contours were at 0.025% intervals), although the amount of strain
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experienced here was more than for the intact suite. This was due to closure of the 
planar discontinuity during the early stages of the tests, which was not present in the 
intact suite. Within the elastic domain the strain was largely recoverable and related to 
elastic deformation of the intact chalk fabric. However a component of this strain was 
due to plastic deformation related to asperity yield and discontinuity closure.
Beyond the linear limit there was a decrease in stiffness which was marked by the closer 
spacing of the strain contours (0.1% intervals). This was related to plastic deformation 
of the intact chalk fabric due to a progressive loss of bonding. At yield there was a 
further loss of stiffness in the chalk due to pore collapse and the onset of grain crushing 
(contours at 0.5% strain intervals due to increased strain rate). The same bifurcation 
style was observed in the accumulated strain behaviour, as described for the intact 
material
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Figure 5-24: Axial strain (%) contours for discontinuous Needham Market chalk
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5.3 Summary
The one-dimensional compression and triaxial tests conducted on intact and 
reconstituted Needham Market chalk described in this chapter were a continuation of 
work on intact bonded materials carried out by other researchers. They served to 
validate the experimental procedures adopted and to provide an in-depth understanding 
of the deformation behaviour of the intact chalk. This stage was essential in order to 
provide a base framework from which the deformation behaviour of discontinuous chalk 
could be studied.
It was found that intact chalk possessed deformation characteristics that started as those 
of an elastic rock, within the elastic domain, and that evolved to those of a granular soil, 
beyond yield and failure. Aspects of its behaviour could be described within the Critical 
State framework.
The same suite of six triaxial tests was then carried out on single planar discontinuity 
chalk specimens. This was a progression on from research conducted on intact material 
and extended the work on bonded materials into a new area. Similarities in the 
deformation characteristics of both types of specimen were observed. These similarities 
are clearly illustrated in Figure 5-25.
It can be seen that the form of both the linear limit and the yield surface for both suites 
of test were very similar. The coincidence of the CSL was to be expected since, at the 
critical state, the chalk in both suites behaved as a granular soil with loss of bonding. 
The position of BFLs did not coincide, although they were similar. Tests conducted at 
low mean effective stresses exhibit unstable failure and are very susceptible to specimen 
variation. Therefore the dissimilarity may have been due to specimen heterogeneity and 
variability rather than solely the presence of a discontinuity. Further testing would be 
required to establish this conclusively.
162
CSL
4000
3000
2000
BFL
1000
30002000 40000 1000
■ B FL  in ta c t 
• CSL in ta c t
- 0 ------ B FL spd
-# ------ CSL spd
- - lin ea r lim it in ta c t  - - ■ o -  - ■ lin ea r lim t spd 
—  y ie ld  in ta c t  B-- y ie ld  spd
p'(kPa)
Figure 5-25: Comparison of intact and single planar discontinuity chalk 
deformation behaviour
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6. INVESTIGATION OF INFLUENCE OF REDUCED 
CONTACT AREA IN DISCONTINUOUS CHALK
The hypothesis developed in Chapter 3 for chalk subjected to load in a uniaxial stress 
regime contained the following assumptions:
• the yield stress of the chalk was a material constant, regardless of the size of body 
under scrutiny.
• the yield stress dropped to a residual value, post-failure, and that this too was a 
material constant.
• A similar linear limit and yield surface described the behaviour of both an intact body 
of chalk and one in which there were discontinuities, regardless of contact area.
Two suites of tests were devised and executed to test these assumptions. The first suite 
was a series of uniaxial compressive strength tests, performed on specimens with 
varying contact area. The second suite was the same triaxial test suite as described in 
Chapter 5, performed on specimens with a low contact area to cross-sectional area ratio.
A supplementary part of the hypothesis indicated that there was a limiting value of true 
contact area which marked a division in the strain deformation behaviour of chalk. In 
other words, the strain deformation behaviour of chalk was dependent on the initial true 
contact area up to a certain value, above which the relationship was no longer valid. 
The smaller the initial contact area the larger the total amount of strain observed during 
deformation, until the initial contact area equalled or exceeded a certain value, when the 
amount of strain became independent of the initial contact aiea. An investigation was 
made to test this part of the hypothesis and thus more fully investigate chalk mass 
behaviour.
6.1 Uniaxial Compressive Strength Tests
6.1.1 Method
A suite of uniaxial compressive strength (UCS) tests was carried out in the same triaxial 
cell as that used for the intact and single planar discontinuity specimen triaxial tests.
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The suite comprised an intact test, one in which the specimen contained a planar saw cut, 
and four with different reduced contact area ratios, see Figure 6-1. Each reduced 
contact area specimen contained an idealised, non-planar discontinuity with an aspect 
ratio which was representative of the geometry of natural discontinuities found at 
Needham Market quarry. The specimens had a range of apparent contact area ratios 
from approximately 1 0 0 % to 17%, see Table 6 - 1 .
Figure 6-1: Reduced contact area specimen
Calculation of the axial stress, based on the total cross-sectional area of the specimen, 
was inappropriate in these reduced contact area tests The changing contact area was 
determined at each stage of the test in order that the corresponding stresses could be 
calculated, as described later. A check on the calculated contact area was performed by 
comparison with the measured values which had been taken before and after each test
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At the start of the test the apparent contact area of each specimen was measured by 
placing paper over the discontinuity surface and rubbing with a soft pencil. A grid was 
laid over the etching and the area was calculated. In addition the position of the 
discontinuity and the external dimensions of the specimen were recorded. Each 
specimen was placed in a neoprene membrane and instrumented in the same manner as 
the high pressuie triaxial tests. The tests were conducted at the same displacement rate 
as before of O.OOlmm/min but, unlike the triaxial tests, cell fluid was not used since 
confining pressure was not applied in UCS tests.
At the end of the test the specimen was removed ftom the neoprene membrane and its 
external dimensions were again measured. A study of the discontinuity was made and 
the final contact area was taken to be the same as the total cross-sectional area of the 
specimen since the discontinuity was always welded together, with the two halves in 
intimate contact.
6.1,2 Results
Two distinct patterns of load-strain behaviour were expected. The first type of 
behaviour would be exhibited by the intact test and the second would be displayed by 
the single planar discontinuity and reduced contact area tests. The results for the whole 
suite are illustrated in Figure 6-2 and Figure 6-3, and a summary is shovm in Table 6-1.
Figure 6-2 shows that two patterns of behaviour were visible and the split was between 
the intact specimen (NMT22), and all the other specimens (NMT21, NMT28, NMT39, 
NMT27 & NMT51), as expected. The intact specimen achieved a distinct peak load at 
small strain, whilst the other specimens achieved a much lower peak load at generally 
larger strains. The single planar discontinuity specimen behaved in a similar manner to 
the specimens with an initial contact area ratio much less than 1 0 0 %, although it did 
demonstrate an initial peak load, which was considerably smaller, but similar to the 
intact specimen. The tests with intermediate contact areas (NMT28 & NMT39) 
displayed transitional behaviour. NMT28 demonstrated a small initial peak similar to 
the single planar discontinuity specimen, whereas NMT39 demonstrated clear three 
phase behaviour with a concave load-deformation curve. The tests with the lowest
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TEST No. 1NMT22
2
NMT21
3
NMT28
4
NMT39
5
NMT27
6
NMT51
INITIAL 
CONTACT 
AREA (% ) INTACT
SINGLE
PLANAR
DISCON 51 44 2 1 17
INITIAL
POROSITY
(%) 51.23 51.84 51.67 50.88 51.95 49.99
INITIAL 
STIFFNESS 
Escc (GPa) 1.97 0 .6 6 0.63 0.33 0.39 0.67
INITIAL 
PEAK LOAD 
(kN)
1.43 0.89 0.84 0.78 0.33 0.214
PEAK
STRESS (kPa) 1264 1386 1447 1552 1377 1136
AXIAL 
STRAIN AT 
PEAK
STRESS (% ) 0.066 0.237 0.236 0.718 1 .0 0 0 0.215
AVERAGE 
RESIDUAL 
LOAD (kN) 0.80 0.71 0.70 0.79 0.79 0 .6 6
AVERAGE 
RESIDUAL 
STRESS (kPa) 708 622 602 659 677 568
FINAL 
RESIDUAL 
STRESS (kPa) 566 525 463 595 620 465
FINAL AXIAL 
STRAIN (% )
3.363 6.064 5.460 11.711 10.096 1 1 .0 2 0
Table 6-1: Summary of uniaxial compressive strength tests
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Figure 6-2; Uniaxial compressive strength test axial load results
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Figure 6-3: Uniaxial compressive strength test axial stress results
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contact area ratios (NMT27 & NMT51) demonstrated no initial peak and a well 
developed concave load-deformation curve.
Intact behaviour
Two phases of behaviour were observed for the intact test (NMT22), see Figuie 6-4. 
Initially brittle behaviour occurred, with a stiff response (1.97GPa) up to the linear limit. 
During this part of the test, the deformation was linear elastic and represented the non­
permanent straining of the chalk skeleton, after closure of any pre-existing micro-cracks.
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Figure 6-4: Intact deformation behaviour
Beyond the limit of linear behaviour, there was a decrease in stiffness. This was 
associated with the initiation of bond failure and deformation of pore spaces. Stress 
concentrations occurred at these points in the intact fabric and progressive collapse 
ensued in these localised areas. Yield and failure occurred very close together and were 
represented by a loss of stiffness and strength, as the isolated failed areas of the chalk 
coalesced to form major discontinuities within the specimen. The peak stress achieved 
by the intact specimen (1264kPa) was similar to UCS results obtained previously for
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intact specimens where an average UCS of 1415kPa was obtained, see Appendix B. 
The peak strength was followed by failure at small strains (0.066%), and rapid strain 
softening to an average residual value of load (0.8kN) or stress (708kPa). The residual 
intact load was found to be approximately half of the peak intact load.
P
Intact test: « 2
^  R
Equation 6-1
where:
Pp -  peak axial load 
Pr = residual axial load
In UCS tests on intact specimens, the axial stress is determined from the standard stress 
equation:
P
Equation 6-2
where:
cr= axial stress 
P = axial load
A ii~  contact area ratio of intact specimen
Since the cross-sectional area of the specimen is constant, the peak stress : residual 
stress ratio is the same as the peak load : residual load relationship. Therefore the 
residual stress should be approximately half the value of the peak stress, as 
demonstrated by the results.
Visual examination of the specimen indicated failure had occurred by cataclasis and 
cleavage, as indicted in Figure 6-5. This is typical of brittle failure in rocks under 
uniaxial compression. Cataclasis is the formation of multiple cracks, parallel to the 
direction of loading and cleavage is the vertical splitting of a specimen, in which one or 
more of the major cracks split the specimen along the direction of loading. This mode 
of failure is unstable and is greatly influenced by heterogeneities within and between 
specimens. In triaxial tests, in contrast, the mode of failure in specimens becomes more 
stable as the confining stress increases. This has been demonstrated by the suite of 
triaxial tests conducted on intact chalk. Failure along a single, distinct shear plane has
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Figure 6-5: Failure in intact specimen
been widely accepted as the normal mode of brittle failure in rocks in laboratory testing. 
However this mode of failure is a function of a loading system which allows either 
rotation of the platens through which the axial load is applied, or lateral platen 
translation [Hawkes & Mellor, 1970].
Discontinuous behaviour
In the single planar discontinuity test (NMT21) one peak load, Pp, (0.89kN) was 
observed, see Figure 6 -6 , which was much less marked than in the intact test. This was 
followed by rapid strain softening to a residual load value, with continued slight strain 
softening. The deformation behaviour of this specimen (NMT21) was less dramatic 
than that of the intact specimen (NMT22) in that the peak load was less marked and 
post-peak strain softening was more gradual. It was found that:
Equation 6-3
where:
Pp = peak axial load 
Pr = residual axial load
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Figure 6-6: Single planar discontinuity deformation behaviour
Although the intact and single planar discontinuity specimens gave similar result 
patterns there were differences in behaviour which contradicted theoretical predictions, 
which assumed that the saw cut was perfectly mated. These differences were attributed 
to the actual contact area in the single planar discontinuity specimen being less than 
100%. Consequently the intact and single planar discontinuity tests were not analogous 
since the asperities on the discontinuity surface, rather than the intact material, were 
thought to control the overall behaviour.
In contrast, in the triaxial test suites little difference in behaviour was found between the 
intact and single planar discontinuity tests. This was because these tests had been 
subjected to satmation and compression prior to the shear stage and so the discontinuity 
faces were likely to be well mated at the stait of shearing. The specimens in the UCS 
test, however, were subjected to shearing only and so the faces were likely to be poorly 
mated and hence the initial contact area ratio would be considerably less than 1 0 0 %.
Examination o f the specimen (NMT21), post-test, indicated a very similar mode of 
deformation to the intact test (NMT22). Axial cleavage extended the length o f the
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specimen and transected the horizontal saw cut, which was still visible. The top and 
bottom halves of the specimen were held together, due to secondary cementation at the 
grain boundaries or interlocking of grains at the discontinuity surface, during the test.
In the tests with intermediate contact area tests (NMT28 & NMT39) transitional 
deformation behaviour was observed, see Figure 6-7. NMT28 demonstrated a small 
initial peak and rapid strain softening, similar to the single planar discontinuity specimen 
(NMT21). In contrast, test NMT39 demonstrated the three phase behaviour predicted.
0.6  -
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Figure 6-7: Transitional deformation behaviour
The remaining tests, with the lowest contact area ratios (NMT27 & NMT51) exhibited 
clear three phase deformation behaviour, see Figure 6 -8 . These specimens had initial 
contact area ratios of less than 44%. The three phase behaviour is summarised below: 
PHASE 1 : from the start of the test to the initiation of asperity failure 
PHASE 2: from initiation of asperity failure to complete destruction of asperities 
PHASE 3: from total destruction of asperities to the end of the test
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Figure 6-8: Reduced contact area behaviour
Phase 1
Phase 1 ran from the start of the test to the initiation of asperity failure, which was 
marked by the first loss of linearity in the load-strain curve, see Figure 6-9. This phase, 
marked by an initial inflection at low axial strains, with corresponding low axial loads, 
was attributed to yield and failure of the asperities at the discontinuity boundary. It 
represented the onset of loss of bonding and cementation in response to the applied axial 
load.
The loads, which corresponded to the linear limit, yield and failure of the asperities in 
these specimens, were compared with those from the intact specimen. It was found that
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Figure 6-9: Loss of linearity at the limit of Phase 1
the relevant load in the reduced contact area tests was related to the corresponding load 
in the intact test by a constant that equated to the initial contact area ratio, see Equation 
6-4. For example, a specimen with an initial contact area of 25% experienced a load at 
yield that was 25% of the load at yield for the intact material.
Equation 6-4
where: •
P f= load at yield (failure) of asperities 
Ppi = peak load in intact specimen 
Ai = relevant initial contact area ratio
The calculated initial true contact area was found to be the same as the measured initial 
apparent area. This was likely to be due to yielding of the small scale asperities on the
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chalk surface, during the pencil rubbing, so the true area approached the apparent value. 
This relationship was used to calculate the contact area for all tests, including the single
planar discontinuity test (NMT21), since in even apparently perfectly mated joints, a
contact area of much less than 100% would be expected. This was found to be the case,
because when this method was applied to the single planar discontinuity specimen
(NMT21), a contact area of 57% was calculated. This would explain the similarity in
behaviour' observed between NMT21 (57%) and NMT28 (51%), see Figure 6 - 6  and
Figure 6-7.
Once the corrected initial contact area was calculated for each specimen, it was assumed 
that this contact area was the same as that at the moment of asperity yield. 
Consequently the calculation of axial stress for Phase I  was based on this constant 
contact area ratio. It can be seen from Figure 6-3 and Table 6-1, that the peak stress 
ranged from 1136kPa for 17% contact area test to 1552kPa for 44% contact area test. 
This gave an average peak stress of 1360kPa, with a standard deviation of ±132kPa. 
This agreed well with UCS tests previously conducted on intact chalk, which gave an 
average peak stress of 1415kPa, see Appendix B. For experimental purposes, with a 
natural material such as chalk, this variation was small. More interestingly, this peak 
stress did not vary despite the comparatively large change in contact area of 17% to 
100%, which is approximately an order of magnitude. This confirmed that the peak 
stress was a material constant.
The axial load, P, for the linear limit, yield and failure of the asperities was found to be 
directly proportional to the initial contact area, Ai, as expected. Linear regression 
analysis of the data produced an value of greater than or equal to 0.98 in each case, 
where an of 1 expresses perfect sympathy between the two variables. The case for 
the limit of linear behaviour is illustrated in Figure 6-10.
The strain measured at peak stress increased with decreasing contact area, as expected, 
see Figure 6-11. The strain response for the whole suite indicated that there was a 
marked increase in strain at yield and failure of asperities for specimens with an initial 
contact area of less than 51%. The strain at which the peak stress occurred ranged from 
0.236% strain for the 51% contact area specimen (NMT21) to 1.00% strain for the 21% 
contact area ratio specimen (NMT27). The specimens with an initial contact area ratio
176
m e a su re d1.4
re g re s s io n  line
0.8
0.6
0.4
0.2
10 20 30 40 50 60 70 80 90 1000
initial contact aiea, Ai (%)
Figure 6-10: Initial contact area ratio versus load for the limit of linear behaviour 
of asperities for whole UCS suite
equal to or greater than 51% recorded axial strains of less than 0.25% for yield and 
failure of the asperities.
In contrast, the specimens with contact areas of 44% and 21% recorded axial strains that 
were more than twice that value. However the 17% contact area specimen (NMT51) 
recorded much lower strains than expected. The reasons for this were unclear but may 
have been due to the presence of a small fossil, which was discovered post-test. This 
would have resulted in a stiffer response.
In contrast to the linear relationship between the initial contact area. A/, and the axial 
load, F, the relationship between the initial contact area. A/, and axial strain, 6 ,^ was 
more complex. An empirical analysis of the experimental data indicated that the 
relationship between initial contact area and axial strain was exponential as shown in
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Figure 6-11: Initial contact area ratio versus axial strain for failure of asperities 
for whole UCS suite
Figure 6-11. Regression of the data (excluding NMT51) resulted in an value of 0.91, 
which showed significant correlation. This did not demonstrate as close agreement as 
for the axial load, P, but reflected the greater difficulty of obtaining axial strain 
measurement in the asperities compared with the measurement of load.
The relationship between the initial contact area. A/, and the axial strain, at failure of 
the asperities that was deduced from the regression analysis was described by the 
following equation:
£ = 2.1613g-^^^"^'
Equation 6-5
which can be re-written as:
= Ke -CA,
Equation 6-6
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where:
Sa = axial strain 
Ai -  initial contact area 
K = 2 A 6 n  
C = 0.0358
The asperity height was also found to influence the deformation behaviour. The axial 
strain measured at peak stress increased with increasing initial asperity height, as 
expected. Again, from a purely empirical analysis of the data, regression also 
(excluding NMT51) resulted in an value of 0.91, as shown in Figure 6-12.
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Figure 6-12: Initial asperity height versus axial strain for failure of asperities for 
whole UCS suite
The relationship between the asperity height, A/, and the axial strain, £■«, at failure of the 
asperities was deduced from the regression analysis, as before, and was described by the 
following equation:
Equation 6-7
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which can be re-written as:
s, =
Equation 6-8
where:
Sa = axial strain
hi = initial asperity height
.^=0.0653
C = 0.5865
This was of a similar form to the relationship observed between initial contact area and 
axial strain, in that both were found to be exponential. However as the initial contact 
area decreased the axial strain increased, whereas as the initial asperity height increased 
the axial strain also increased. Given that these empirical relationships were valid, then 
the relationship between initial contact area, Aj, and initial asperity height, A/, would be 
clearly linear, i.e.
from Equation 6-5 and Equation 6-7:
2 . 1 6 1 = 0.0653e^^^^^^'
Equation 6-9
which can be re-arranged to give:
hj = -0.0653A, + 6.03
this can be written in the form:
Equation 6-10
h, = -mAf + b
Equation 6-11
where:
AI -  initial contact area 
hi = initial asperity height 
m = 0.062 
b = 6.03
Empirical analysis of the relationship between initial asperity height, /?/, and initial 
contact area, Ai, gave the results shown in Figure 6-13. Linear regression analysis of 
this data produced an value of 0.99, which indicated a strong correlation.
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Figure 6-13: Initial contact area ratio versus initial asperity height for whole UCS 
suite
This relationship was of the form:
h, = -mAi + b
Equation 6-12
where:
hi = initial asperity height 
AI -  initial contact area 
m = 0.0626 (gradient) 
b = 6.0856 (intercept)
This linear relationship between initial contact area and asperity height showed 
excellent agreement with the strain results, see Equation 6-10. However, in Chapter 4, 
asperity height was found to be related to the area of chalk removed from the 
specimen, see Equation 4-3. The area of chalk removed from the specimen is also 
related to the initial contact area as follows:
A i = A s ~ A r
Equation 6-13
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where:
Ai = initial contact area
As = total cross-sectional area (= tiD^/4 where D is the diameter of the specimen)
Ar -  area of chalk face to be removed
Given that the groove width, w and asperity height, hi have an aspect ratio of 1, then 
w and hi are interchangeable. Therefore, substituting for w and Ar in Equation 4-3 
gives
xyhi  ^-  (% 4- y  )D hj + ttD^/4 = A j
Equation 6-14
Hence, in theory, the relationship between initial contact area and asperity height 
should actually be quadratic. This was not seen in the empirical analysis of the 
experimental results where the relationship appeared to be linear, see Equation 6-10, 
Equation 6-12 and Figure 6-13. A possible explanation was that for this particular 
groove geometiy and sample size, the contribution from the term in was small 
compared with the contribution from the term in hi. Consequently, in the analysis of 
the experimental results, the behaviour of the chalk was characterised by the dominant 
linear term in hi.
The relationships established between axial strain, initial contact area and initial asperity 
height were empirical and thus required validation by further theoretical/numerical 
work. They were also only applicable to the specimen geometry described here.
In summary, for Phase I it was found for all the tests that:
• initial contact area, A /, remained constant up to peak stress
« a linear relationship existed between initial contact area, and axial load, f ,
• a negative linear relationship existed between initial contact area, W/, and initial 
asperity height, hi
•  a decaying exponential relationship existed between initial contact area, Ai, and axial 
strain, Sa
® an exponential relationship existed between initial asperity height, hi and axial strain,
• the peak stress was a material constant for the Needham Market chalk
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• Loss of both bonding and cementation in the asperities was thought to be the main 
deformation mechanism
Phase 2
Phase 2 ran from the start of failure of the asperities until they were completely crushed. 
It was characterised by a progressive rise in load and increased rate of axial strain to a 
second inflection, see Figure 6-14, which occurred at larger axial loads than the first 
(associated with the initiation of asperity failure).
nmt27 21% contact
0.6 - first inflection marks 
the start of Phase 2
Z  0.4 -  ê
O h
second inflection 
marks end of Phase 2
0.2 -
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8 a  V V
Figure 6-14: Limit of Phase 2
This was attributed to progressive crushing of the asperities, with an associated change 
in contact area. The deformation mechanisms operational during this phase were a 
combination of bond destruction, grain crushing and frictional processes. Once all the 
asperities were crushed the contact area was assumed to be 1 0 0 % and equal to the initial 
total cross-sectional area of the specimen.
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The axial load at the second inflection was found to equate to the residual load of the 
intact material, as follows:
P
Pr 1
Equation 6-15
where:
P = axial load
Pr = residual axial load
The axial stress was assumed to be a material constant, equivalent to the residual stress 
of the intact specimen. Therefore the changing contact area, ^ 2, was calculated from the 
axial load and residual stress, gr, as shown:
Equation 6-16
where:
A 2  = modified contact area ratio 
c%= residual axial stress
From the theory developed in Chapter 3 it was expected that the modified contact area, 
A 2 , was related to the initial contact area, Ai, by the ratio of the peak intact load to the 
residual intact load, as shown in Equation 3-13. The intact peak load was found to be 
twice the residual intact load, so A2 was expected to be twice ^4/. The calculated contact 
area ratio, A 2 , at the start of Phase 2 was found to be twice the value of the measured 
initial contact area ratio, 2!;, which supported the theory.
As a check, the contact area calculated at the end of Phase 2 was compared with the 
initial total cross-sectional area of the specimen, since they should have had the same 
value. It was found that the discrepancy between this calculated and measured value 
ranged from an under-estimation of 22% for the 51% contact area specimen (NMT28), 
to an over-prediction of 15% for the single planar discontinuity specimen (NMT21), see 
Table 6-2. The specimens with an initial contact area of 44% or less recorded an error 
of less than 7% between the calculated and measured contact area. Therefore the model 
predicted the contact area at this stage with good accuracy.
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Specimen
ID
Initial 
Contact 
Area, Ai 
(% )
Final
Calculated 
Contact Area, 
A2 (%)
Error Between A% 
and Total Cross- 
sectional Area (%)
Axial
Strain,
8 a, (%)
NMT22 1 0 0 1 0 0 0 0.066
NMT21 57 117 +15 0 .2 0 1
NMT28 51 82 - 2 2 0.312
NMT39 44 94 -6 1.217
NMT27 21 97 -3 5.574
NMT51 17 1 0 0 0 7.672
Table 6-2: Data from the end of Phase 2
It can be seen from Table 6-2 and Figure 6-15 that the specimens with an initial contact 
area in excess of 44% demonstrated low axial strains, at 0.312% or less. In comparison, 
the specimens with initial contact area ratios of less than 44% experienced much larger 
strains (5.57% and 7.67%).
The relationship between initial contact area, Ai, and axial strain, Sa, was found to be 
decaying exponential, of the same form as for the end of Phase i/start of Phase 2, see 
Equation 6 -6 . It was described by the following equation:
= 13.994g - 0 .0598/1
where:
£a = axial strain
At = initial contact area
Equation 6-17
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Figrar® 6-15: Imitaal contact area versias asSaE strain for tine end off Phase 2
The results for both Phase 1 and Phase 2 indicated that there was a decaying exponential 
relationship between initial contact area and axial strain. The exact nature of this 
relationship differed, see Figure 6-16, and was found to be a function of the asperity 
height. An increase in asperity height produced for the divergence of the two curves 
shown in Figure 6-16. Both sets of results indicated that there was a critical contact area 
o f between 44% and 51%, below which there was a marked increase in axial strain in 
response to applied load.
Similarly, the relationship between initial asperity height, /?/, and axial strain, £■„, at the 
end of Phase 2 was found to be of the same form as for the end of Phase //start of 
Phase 2, see Equation 6 - 8  and Figure 6-17. It can be seen that this exponential 
relationship gave an value of 0.93, which demonstrated a strong correlation between 
the variables.
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Figure 6-16: Comparison of initial contact area versus axial strain at the start and 
finish of Phase 2
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Figure 6-17: Initial asperity height versus axial strain for the end of Phase 2
187
It was described by the following equation:
Equation 6-18
where:
Sa = axial strain
hi = initial asperity height
The results for both Phase 1 and Phase 2, therefore, indicated that there was a 
exponential relationship between initial asperity height and axial strain. The exact 
nature of this relationship differed, see Figure 6-18, and was found to be a function of 
the initial contact area, as expected. A decrease in initial contact area produced an 
increase in the divergence of the two curves shown in Figure 6-18.
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Figure 6-18: Comparison of initial asperity height versus axial strain at the start 
and finish of Phase 2
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In summary, for Phase 2 it was found that:
•  the contact area, A 2 , varied proportionally with the applied axial load, f ,  within a 
given test
• a negative exponential relationship existed between initial contact area, Ai, and axial 
strain, Sa, between tests
• an exponential relationship existed between initial asperity height, A/, and axial 
strain, £a, between tests
• the residual stress was a constant for all tests
• a combination of bond destruction, grain crushing and frictional processes prevailed
Phase 3
Phase 3 ran from when the asperities were totally crushed until the end of the test. Its
start was marked by a sharp drop in load, followed by a progressive rise in load with
increasing axial strain, see Figure 6-19.
start of Phase 3
0.8  -
end of test
0H0.4 -
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nmt27 21% contact
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Figure 6-19: Limit of Phase 3
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Deformation during this phase was primarily due to frictional processes within the 
destructured chalk, with some destruction of bonding in the intact material. The peak in 
load at the end of Phase 2 and the sharp drop at the start of Phase 3 may have been 
associated with development and movement along a failure plane in the intact chalk.
Each test attained a final load of approximately 0.75kN. This phase represented residual 
behaviour, where the chalk asperities had been totally cmshed to a reconstituted state 
and frictional processes dominated. At the start of this phase, the contact area was 
equated to the initial cross-sectional area of the specimen, which was 1 0 0 % for all tests. 
The axial stress was calculated in the same way as for the intact specimen. The 
difference between the calculated and measured value for the final cross-sectional area 
varied from zero for the 44% contact area specimen to 18% for the single planar 
discontinuity specimen, which showed excellent agreement, see Table 6-3.
Specimen
ID
Initial Contact 
Area, Ai 
(% )
Final
Calculated 
Contact 
Area, A3, (%)
Error Between A3 
and Final Measured 
Total Contact Area 
(%)
Final Axial 
Strain,
Sa, (% )
NMT22 1 0 0 1 0 0 0 3.363
NMT21 57 85 -18 6.064
NMT28 51 94 -6 5.460
NMT39 44 1 0 0 0 11.711
NMT27 21 95 -5 10.096
NMT51 17 95 -5 1 1 .0 2 0
Table 6-3: Data from the end of Phase 3
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It is interesting to note that the measmed final cross-sectional area was always equal to 
or greater than the calculated value. This was in contrast to the measured and calculated 
values for the end of Phase 2, which demonstrated both over and underestimation. The 
relationship at the end of Phase 3 was a reflection of the nature of failure of the 
specimen, which resulted in poorly mated pieces of chalk.
It was found in each reduced contact area test that the average load observed during 
Phase 3 corresponded to a residual load:
P
Equation 6-19
where:
P = axial load
P r  = residual axial load
If this load was averaged across the phase, then it was found to be very similar for the 
whole suite, see Table 6-1. It varied from 0.66kN to O.SOkN, with an overall average of 
0.742 and a standard deviation of ±0.054, which showed very close agreement The 
contact area ratio at the end of Phase 2 was 100%, therefore the axial stress at the start 
of Phase 3 corresponded to a residual stress. The axial stress in Phase 3 was 
approximately half the peak stress in Phase 7, for all the reduced contact area UCS tests, 
which is the same as observed in the intact test.
The specimens with a contact area in excess of 44% demonstrated a progressive loss of 
strength post failure, similar to the intact test, see Figure 6-20. In contrast, the 
specimens with a contact area of less than 44% appeared to strain harden, post failure, 
before eventually strain softening. The strain hardening exhibited in the lower contact 
area specimens indicated a more stable mode of continued deformation, in which energy 
was required to promote progressive destructuring.
At the end of Phase 3, the specimens with an initial contact area of 44% and less 
exhibited final axial strains that that were approximately twice that measured in the 
specimens of 51% or more, see Figure 6-21. No relationship was established between 
initial contact area, and final axial strain, Sa, in these tests. Any relationship that
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may have existed was masked by the varying termination time of the test. Therefore it 
was possible only to draw broad conclusions that the total amount of strain observed 
increased with decreasing initial contact aiea, see Figure 6-21.
The three phase behaviour became progressively more developed as the initial contact 
area decreased. This was because yield and failure of the asperities in these specimens 
occurred at larger axial strains, see Table 6-1, and crushing of asperities occuned over a 
larger strain range.
On completion of the tests, the specimens all demonstrated axial cleavage, similar to 
that in the intact and single planar discontinuity tests. This implied that similar failure 
mechanisms were operational. The top and bottom half of each specimen were 
"welded" tightly together and there was evidence of significant collapse around the 
position of the asperities, see Figure 6-22.
horizontal
discontinuity
total crushing of 
asperities and loss of 
stmcture in adjacent 
chalk
increase m 
diameter
axial
cleavage
Figure 6-22: Failure in reduced contact area specimen
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Gloser inspection revealed that the asperities had been totally crushed, but evidence of 
the horizontal discontinuity remained. Sand sized, particulate chalk, in a finer chalk 
matrix, was observed at this location. The asperities were heterogeneities within the 
specimen structure and so it was likely that stress concentrations occurred here, with 
associated permanent straining. Progressive collapse of the intact fabric was initiated at 
this location and then propagated throughout the intact parts of the specimen. As the 
initial contact aiea decreased, there was evidence of increased plastic flow of chalk near 
the discontinuity boundary, which again indicated stress concentrations here. Failure of 
the intact parts may have occurred contemporaneously with asperity crushing, but this 
would have to be confirmed by visual inspection of the specimen at this stage o f the test.
In summary, for Phase 3 it was found that for all tests:
• the final contact area, was 1 0 0 %
• no relationship could be established between initial contact area, Ai, and axial strain, 
Sa
•  the residual stress was a constant
• frictional processes dominated
A marked change in stiffness was observed between the intact test and the rest of the 
suite. Also there was a second change at 44% contact area and less. The stiffness for 
each test was calculated by the standard secant method. The initial stiffness
broadly decreased as the contact area decreased, from 1.97GPa for the intact chalk to an 
average of O.SGPa for the specimens with discontinuities, see Figure 6-23. The initial 
stiffness of the intact specimen was approximately three times that of the single planar 
discontinuity and 51% initial contact area specimens (NMT21 & NMT28) and six times 
that of the specimens with contact areas o f 44% or less (NMT39, NMT27 & NMT51).
In the reduced contact area specimens there was a loss of stiffness of the order of 50% at 
failure of the asperities. This stiffness value then remained almost constant for the 
single planar discontinuity and 51% area specimen during the crushing of asperities. In 
comparison, the specimens of contact areas of less than 44% experienced a further loss 
of stiffness during this second phase, when related to initial conditions. These 
specimens also demonstrated that there was a relative increase in the axial load rate over
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this paît of the test, see Figure 6-24. This may be attributed to increased interlocking of 
grains in the reconstituted chalk at the discontinuity boundary resulting from yield of the 
asperities.
From these results, it was possible to establish the relationship between stiffness, E, and 
the initial contact area, for Phase 1 and Phase 2 deformation. Stiffness is defined as:
S aE  = Ss„
Equation 6-20
where:
E  = stifrhess (Young's modulus)
5a=  change in stress
Ssa = change in axial strain
Therefore from Equation 6-5:
E oc Ke ~CA,
Equation 6-21
where:
E=  stiffness (Young's modulus)
AI = initial contact area
and for Phase 1 
/C=2.1613
C = 0.0358 I
and for Phase 2 
13.994 
C = 0.0598
In Phase 3 all specimens underwent a progressive loss of stiffness with increasing 
strain. At the end of the tests, all the specimens, including the intact, had undergone a 
loss of stiffness of approximately 2 orders of magnitude. The residual stiffness of the 
intact specimen at this point was approximately twice the stiffness of the single planar 
discontinuity and 51% initial contact specimen, and was approximately four times the 
residual stiffness of specimens with initial contacts of 44% or less. This was a similar 
relationship to the initial stiffness values for the whole suite.
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Figure 6-23: Stiffness data for whole UCS suite
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Figure 6-24: Increase in axial load rate during Phase 2
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It was possible that the reduction in initial stiffness with decreasing contact area which 
was observed was partly due to overestimations of the contact area, rather than being 
entirely due to a true reduction in stiffness. This could be more accurately confirmed by 
determination of the true contact area during the test, using methods such as placing 
pressure sensitive film between the two discontinuity surfaces.
To summarise:
•  during Phase 1 defoimation, the axial load, P, was directly proportional to the initial 
contact area,
• all the tests, including the intact specimen, achieved a similar peak stress (1136kPa to 
1552kPa, average 1360kPa) and the results were in good agreement to the values 
obtained in UCS tests conducted on intact chalk, see Appendix B
• the peak stress was found to be a material constant, which was independent of initial 
contact area ratio
• in Phase 1 and 2 the axial strain, was found to have a decaying exponential 
relationship with the initial contact area, Ai
• in Phase 1 and 2 the axial strain, %, was found to have an exponential relationship 
with the initial asperity height, hi
• the residual stress for all tests was also very similar (568kPa to 708kPa, average 
639kPa). This suggested that the post-yield residual stress for the Needham Market 
chalk was also a material constant
® the residual stress was found to be approximately half the value of the peak stress, in 
all cases. This demonstrated the contribution that bonding and structure made to the 
strength of the intact material, since the residual stress represented the purely 
frictional component of chalk strength
• the stress response of the chalk was identical, from the intact material through to a 
17% initial contact area specimen, as predicted
• the amount of strain developed throughout the UCS test was dependent on the initial 
contact area and asperity height
• there was some critical initial contact area ratio, between 44% and 51%, below which 
there was a marked increase in axial strain in response to axial loading
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6.2 Reduced Contact Area Triaxial Tests
On the basis of this work, a suite of triaxial tests was conducted with an initial contact 
area ratio of approximately 15%. This ratio was chosen because it fell below the critical 
contact area described above and so any differences in behaviour between this and the 
intact and single planar discontinuity suites, described in Chapter 5, would be 
maximised. This 15% contact area suite represented an idealisation of a rock mass, 
since the specimen geometry was analogous to a natural rock mass in that there were 
open discontinuities, with a reduced contact area. The same specimen preparation 
method was followed as for the reduced contact area uniaxial compression tests since 
this provided an idealised geometry that was easily reproduced.
6,2.1 Method
The difference between this suite of triaxial tests and those described previously was 
that each specimen was prepared with a contact area that was approximately 15% of the 
total specimen cross-sectional area. In all other respects the test conditions were 
identical so that a direct comparison could be made between intact and rock mass 
behaviour.
It was found that membrane rupture repeatedly occurred during the compression stage, 
at an isotropic effective stress of 500kPa. Examination of the failed membranes 
indicated that splits had developed at the location of the discontinuity in the chalk 
specimen, which allowed ingress of the cell fluid into the specimen. The splits were 
located centrally in the gaps between the chalk cusps and were thought to be due to the 
membrane being forced into these gaps, by the confining stress, and deformed until 
failure, see Figure 6-25.
The purpose of the membrane was to separate the cell fluid (oil) from the fluid in 
hydraulic continuity with the specimen (water) and to enable the use of differential 
stresses, either side of the membrane. If no membrane was used then the whole 
specimen, including asperities, would experience the isotropic stress since the cell 
pressure would act directly, equally on all surfaces of the specimen. Where a membrane
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Figure 6-25: Failure of membrane in 15% contact area triaxial tests
was used, as in this case, the stress was transmitted to the specimen through the 
membrane. Where there were water filled voids at the discontinuity boundary, the stress 
was transmitted to the adjacent chalk via the membrane, which spanned the void and 
deformed in response to the applied pressure. The water also compressed slightly as a 
result of the applied pressure and thus the cell pressure was ultimately transmitted to the 
chalk asperities. The application of the cell pressure to the membrane at the 
discontinuity boundary resulted in excessive strain of the membrane which caused 
failure.
Two membranes were used in the subsequent test but both failed at an effective stress of 
1 OOOkPa. Consideration was then given to the use of an annulus placed at the 
discontinuity boundary, between two membranes, see Figure 6-26. The annulus 
comprised six layers of aluminium foil and was sufficiently wide ( 2 0  mm) to cover the 
chalk asperity dimensions. Aluminium foil was chosen because it was weak in 
compression and would not significantly affect axial deformations, and was strong in
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Figure 6-26: Annulus to prevent membrane rupture
tension and so would be able to withstand the tensile stresses to which it may have been 
subjected. A laminated structure was chosen since this had enhanced strength compared 
with a single layer of aluminium of the same thickness. The annulus was held in place 
on the specimen by petroleum Jelly and the two ends were overlapped and greased to 
allow unrestricted radial deformation of the specimen during the test.
When the cell pressure was applied both membranes and the annulus were held in 
intimate contact with the specimen. The cell pressure was transmitted through the 
annulus to the chalk adjacent to the voids. The annulus reduced deformation of the 
membrane into the voids and inhibited the excessive strain that resulted in membrane 
failure.
However the presence of the annulus meant that some parts of the specimen experienced 
a contribution to its stiffness from the membrane only, while around the discontinuity, 
the contribution was from both the membrane and the annulus. This would have
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resulted in an anisotropic stress regime which was impossible to quantify.
An alternative solution to the membrane failure was to use multiple membranes. The 
influence of membrane stiffness on triaxial test results has been well researched. The 
calculations to correct for the presence of a membrane were not influenced by the 
number of membranes, simply the total membrane thickness. Consequently, by using 
multiple membranes, it was possible to achieve isotropic effective stresses of up to 
1 500kPa. However the presence of a significant membrane thickness would result in 
reduced deformation of the membrane at the discontinuity boundary.
It should be noted that the stress regime was more complex than in a conventional 
triaxial test. The stress imposed on the asperities in direct contact with the membrane 
equalled some effective stress between 0 5 ' and zero, while those in the centre of the 
specimen were effectively in an uniaxial stress regime. For simplification, in 
calculations where lower bound values of stress were required, then uniaxial stress 
conditions were assumed and elsewhere triaxial conditions were assumed.
6,2.2 Results
The results of the initial conditions in the tests are summarised in Table 6-4. B values 
that consistently exceeded 0.9 were achieved, which indicated the specimens were fully 
saturated.
The test results were checked to ascertain if  yield of the asperities had occurred during 
the saturation stage. Initially the minimum confining stress required to induce yield in 
the asperities was calculated for each test, see Table 6-4. This was found to be always 
greater than the maximum effective confining stress during saturation and so yield had 
not occurred. However, large axial strains (>3%) were recorded during saturation for 
tests 1 and 4 (NMTWVb & NMTWlh). The reasons for this were uncleai* and so further 
investigation was undertaken to deteimine whether these large axial strains could, 
indeed, be associated with yield.
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TEST No.
(refers to Fig: 5-5)
1
NMTW7b
2
NMTW7C
3
N M T W lf
4
N M TW lh
5
NMTW7e
6
NMTW7d
INITIAL 
POROSITY (% ) 50.01 49.64 51.92 50.43 50.55 49.76
INITIAL 
CONTACT 
AREA RATIO 
(% ) 13 15 14 14 15 15
B VALUE 0.988 0.911 0.975 0.988 0.975 0.988
TOTAL AXIAL 
STRAIN IN 
SATURATION 
(% )
3.605 0.642 2.792 3.610 0.186 0.767
FIRST YIELD OF 
ASPERITIES AT 
0 3 ' (kPa) 178 208 185 191 204 203
MAX. 0 3 ’ (kPa) 500 750 1 0 0 0 1 500 (2  0 0 0 ) 
1 0 0 0 *
(4 000) 
500*
TOTAL AXIAL 
STRAIN IN 
COM PRESSION 
(% ) 3.914 4.277 6.130 5.634 6.300 2.585
TOTAL
VOLUM ETRIC 
STRAIN IN 
COM PRESSION
(% )
2.426 2.760 3.454 3.723 4.523 2.081
SHEAR undrained undrained drained drained
* denotes membrane failed during compression stage
Table 6-4: Initial conditions of 15% contact area specimens
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There were marked changes in the rate of axial strain, identified at two points during the 
saturation stage. The first was at an effective stress of approximately 60kPa and the 
second at 120kPa which conelated to the application of the first two increments of cell 
pressure. Beyond this, there was virtually no change in axial strain. A typical example 
is shown in Figure 6-27. In an attempt to understand this change in axial strain, the first 
point was treated as the onset of yield, and the second as the cessation of yield, where 
the contact area was deemed to have increased sufficiently to support the axial load.
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Figure 6-27: Typical plot of axial strain versus effective stress during saturation
Although the asperities were actually subjected to a confining stress, oj', uniaxial stress
conditions were assumed, for the following reasons:
• there would be no contribution to the yield stress derived from confinement, uniaxial 
yield would, therefore, occur at the lower axial loads than yield in a triaxial stress 
regime
• if the axial load component from the confining pressure was less than that required to 
induce uniaxial yield, then yield could not have occurred in the asperities in a stress
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regime in which there was some contribution to strength from the confining stress i.e. 
a triaxial test
The component of axial load due to the confining stress which was related to the first 
point was calculated. This was then compared with the corresponding theoretical load, 
see Figure 6-28, required to induce yield, derived from the constant yield stress for 
Needham Market chalk reported earlier in this chapter. This theoretical line was based 
on:
P
”  A .
Equation 6-22
where:
(Tp = peak axial stress 
P = axial load
Au = intact initial contact area ratio (cross sectional area)
In the UCS tests described in Section 6.1, a residual value for stress was used to 
calculate the changing contact area during asperity deformation. Residual stress is 
normally taken to be a measurement of purely frictional deformation processes. In 
reality asperity failure was a combination of processes due to both friction and bonding, 
but it was not possible to measure the progressive loss of bonding and so a value of 
stress, based purely on friction was used. The style of deformation associated with 
destructuring of the asperities in this suite, both during compression and shear, indicated 
a progressive, stable, ductile failure, which was in marked contrast to the brittle, 
unstable failure observed in the UCS tests. Stable failure requires additional energy to 
achieve an ultimate state, compared with brittle failure. This additional energy required, 
coupled with the contribution made by bonding meant that it was more realistic to use a 
peak value of stress from which to calculate the changing contact area during asperity 
failure, for these triaxial tests. The calculated experimental load, in each case, was 
approximately 50% less than that theoretically required to induce yield.
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Figure 6-28: Theoretical relationship between load and contact area ratio at yield, 
for a constant yield stress
The confining stress which corresponded to the cessation of yield, the second point on 
Figure 6-27, was then used to calculate the axial load experienced by the specimen. 
Figure 6-28 was then used to read off the contact area which corresponded to this load. 
This contact area was the lower limiting value of contact area which prevented yield, and 
was found, in each case to be equal to the initial contact area measured for each 
specimen. It was therefore deduced that yield did not occur during saturation since the 
axial load required to induce yield was not achieved in the first point, and no change in 
contact area was required to prevent yield. The positive axial strains measured were 
more likely to have been due to expulsion of fi’ee water as the membrane became pressed 
against the specimen, when the initial increments of cell pressure were applied.
The results for the isotropic compression stage for this suite are shown in Table 6-4 and 
Figure 6-29. Yield did not occur during saturation and so the contact area at the start of 
the isotropic compression stage was equal to the initial contact area measured before the
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Figure 6-29; Isotropic compression of 15% contact area specimens
test. The method of calculation described for the saturation stage was used to calculate 
the component of load due to the confining stress. Figure 6-28 was then used to 
calculate the contact area required to inhibit further yield for a given confining stress 
increment. This was taken as the contact area at the start of the next increment and the 
process was then repeated. Yield occurred during compression in each of the tests. At 
the end of the compression stage it was found that the contact areas in each case had 
increased and ranged from 33% (NMTW7d), to 100% (NMTWlh), see Table 6-5.
In this suite of tests, the onset of plastic deformation behaviour occurred during the 
compression stage, when yield and failure of the asperities were initiated. This was 
demonstrated in the lower stiffness values recorded for this suite when compared with 
those in the intact and planar discontinuity tests. Two limits of linear behaviour and two 
yields were observed. The first related to deformation of the asperities and started 
during isotropic compression.
206
TEST No,
(refers to Fig: 5-5)
1
NMTW7b
2
NMTWTc
3
N M T W lf
4
N M TW lh
5
NMTW7e
6
NMTW7d
INITIAL 
CONTACT 
AREA RATIO 
(%) 13 15 14 14 15 15
MAX. 0 3 ' (kPa) 500 750 1 0 0 0 1 500 ( 2  0 0 0 ) 
1 0 0 0
(4 000) 
500
CONTACT 
AREA RATIO AT 
END O F 
COM PRESSION 
(%)
35 54 72 1 0 0 71 33
Table 6-5: Contact area at the end of the compression stage
Yield of the asperities marked the inception of loss of bonding and cementation in the 
intact chalk, prior to yield within the intact chalk fabric in the two halves of the 
specimen. Therefore this first linear limit and yield were analogous to the linear limit 
and yield identified for the intact and planar discontinuity triaxial suites. The axial 
stress to which the asperities were subjected could be quantified but the component of 
radial stress applied to the asperities was unknown. Hence it was not possible to 
determine the linear limit and yield surface associated with asperity destmction during 
compression.
The second linear limit and yield related to deformation of the specimen when the 
contact area ratio was 100%, i.e. after the asperities had been totally crushed. This 
occurred during shear and related to continued deformation of the reconstituted chalk 
fi'om the asperities, combined with deformation of the two halves of the specimen. This 
second linear limit did not mark the limit of elastic behaviour since plastic deformation 
had already started during compression, but defined the first deviation from linear 
stress-strain behaviour, related to a contact area ratio of 100%. Yield was marked by a 
significant increase in the rate of axial and volumetric strain (in the drained tests), with 
an associated reduction in stiffness. It was possible to deteimine this second linear limit
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and yield surface, which represented a combination of intact and reconstituted 
behaviour.
The results for the shear stages are shown in Figure 6-30, Figure 6-31 and Table 6 -6 . 
The general pattern of behaviour was similar to that of the previous suites of triaxial 
tests, in that the mode of deformation passed from less ductile to more ductile 
deformation as the confining stress increased, fiom test 1 thiough to 4 (NMTW7b to 
NMTWlh). However this transition occurred at lower effective confining stresses than 
for the previous suites, see Table 6-7.
The calculation of both mean effective and deviatoric stress was also modified to allow 
for changes in contact area during the test. Asperity yield began during the compression 
stage and so the specimen was in Phase 2 deformation, as defined in Chapter 3, at the 
start of the shear stage. The contact area at the start of shear was taken to be the same as 
that at the end of compression. The increase in contact area, A 2 , during the initial part of 
the shear stage was calculated from Figure 6-28 and as described in Chapter 3
The UCS test (NMT51) and test 2 (NMTW7c) were the only two of the suite to attain 
brittle failure, see Figure 6-32, and were used to define the position of the brittle failure 
line (BFL). Test 1 (NMTW7b) attained a more progressive, transitional failure, similar 
to that of remoulded chalk [Kâgeson-Loe, 1993]. Post-failure the stress paths of tests 1 
and 2 fell back onto the postulated critical state line (CSL), where the chalk continued to 
yield at constant volume and constant shear stress.
For the two undrained tests (NMTW7b & NMTW7c), the start of the shear stage was 
characterised by a relatively high stiffness, see Figure 6-33, because the discontinuity 
boundary initially contained:
• free water between the asperities
• partially intact asperities
• reconstituted chalk from the parts of the asperities already crushed
The free water in the voids was considered incompressible when compared with the 
weak reconstituted chalk. Therefore an increase in axial load resulted in an immediate 
increase in pore water pressure at the discontinuity boundary since the reconstituted
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Figure 6-30: Axial strain versus load for 15% contact area specimens
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Figure 6-31: Axial strain versus deviatoric stress for 15% contact area specimens
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TEST No. 1 2 3 4
(refers to Fig: 5-5) NMTW 7b NMTW7C N M T W lf N M TW lh
MAX. CTs’ (kPa) 500 750 1 0 0 0 1 500
SHEAR imdrained undrained drained drained
INITIAL STIFFNESS, Esec 
(GPa)
0 .0 2 0.04 0.04 0.06
LINEAR LIMIT STRESS 
(kPa)
821 1139 1073 1 1 2 0
AXIAL STRAIN AT 
LINEAR LIMIT (kPa)
4.030 3.067 2.541 1.950
VOLUMETRIC STRAIN 
AT LINEAR LIMIT (%)
- - 0.906 1.079
YIELD STRESS (kPa) 838 1173 1422 1175
AXIAL STRAIN AT 
YIELD (%)
4.150 3.267 4.625 2.151
VOLUMETRIC STRAIN 
AT YIELD (%)
- - 1 .6 6 6 1.275
PEAK STRESS (kPa) 838 1173 1744 2614
AXIAL STRAIN AT 
PEAK STRESS (%)
4.150 3.267 10.088 10.959
VOLUMETRIC STRAIN 
AT PEAK STRESS (%)
- - 4.605 7.874
FINAL DEVIATORIC 
STRESS (kPa)
833 977 1744 2614
FINAL AXIAL STRAIN 
(%)
4.162 4.963 10.088 10.959
FINAL VOLUMETRIC 
STRAIN (%)
- - 4.605 7.874
Table 6-6: Summaiy of shear tests results for 15% contact area suite
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TEST No.
(refers to 
Fig: 5-5) UCS I 2 3 4 5
MAX. G 3 ' 
(kPa) 0 500 750 1 000 1 500 2 000
INTACT
SUITE BRTTTLE BRITTLE BRITTLE TRANSITION TRANSITION DUCTILE
SINGLE
PLANAR
DISCON.
SUITE
BRITTLE BRITTLE BRITTLE TRANSITION DUCTILE DUCTILE
15%
CONTACT
AREA
SUITE
BRITTLE TRANSITION TRANSITION DUCTILE DUCTILE -
Table 6-7: Deformation style during shear for the three triaxial suites
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Figure 6-32: Unconfined compressive strength and undrained stress paths for 
15% contact area specimens
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Figure 6-33: Undrained shear stage results
chalk was too weak to sustain the increased load. The reconstituted chalk was much 
more compressible and had a lower porosity that was than the intact chalk. This meant 
that there was reduced permeability at the discontinuity boundary. This low permeability 
reconstituted chalk delayed dissipation of the excess pore pressures, generated at the 
discontinuity boundary, throughout the specimen and so the increase in axial load was 
sustained by the relatively incompressible void water. Thus the axial deformation of the 
specimen was slowed by the presence of the void water. This resulted in an apparent 
initial increased stiffness in the chalk specimen until the differential in pore pressures 
produced a drainage path through the low permeability reconstituted chalk to the intact, 
high permeability chalk. Equilibration of pore pressures throughout the specimen and 
dissipation of the excess water pressure in the voids between the asperities then 
followed. As a result, more of the axial load was taken by the compressible reconstituted 
chalk and a lower stiffness was later recorded, associated with continued asperity 
crushing. This deformation was very contractant, see Figure 6-32 and Figure 6-34, with 
the generation of large excess pore pressures, some of which related to the compression 
of the free water between the asperities.
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Figure 6-34: Average axial strain versus excess pore pressure for 15% contact 
area specimens
The point at which the asperities were totally crushed was calculated and was found to 
be at 2.05% axial strain for test 1 (NMTW7b), and 1.65% axial strain for test 2 
(NMTW7c), see Figure 6-33. This coincided with an increase in stiffness prior to yield 
and failure for both tests. It represented the phase when the contact area.ratio was now 
1 0 0 %, and where the relationship between stress and strain became approximately 
linear. This observation supported the earlier hypothesis which stated that:
• initially the measured deformation was due to crushing of the asperities only
• when asperity destruction was complete, the applied axial load would be taken up by 
the intact halves of the specimen, and the specimen would behave in a quasi-intact 
manner (increased stiffness due to the intact fabric)
The deformation was also obsei*ved to become dilatant (the stress path turned to the 
right) at this stage of the test, see Figure 6-32. Beyond the linear limit relatively stiff 
behaviour continued until yield and failure, which was marked by the peak stress. There
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was then a progressive loss o f strength and stiffness in the specimens, post-failure, as 
they strain softened to a residual strength.
The peak strengths recorded for tests 1 and 2 (NMTW7b & NMTW7c) were similar to 
those obtained in the intact and planar discontinuity suites, see Table 6 -8 . The main 
difference was that the failure displayed was less sudden, in terms of changes in stress- 
strain behaviour. This suggested that failure was more stable in the 15% contact area 
tests.
TEST SUITE INTACT SINGLE PLANAR 
DISCONTINUITY
15% CONTACT AREA
TEST 1 PEAK 
STRESS (kPa) 1349 1227 838
TESTl 
RESIDUAL 
STRESS (kPa) 1077 1074 833
TEST 2 PEAK 
STRESS (kPa) 841 1261 1173
TEST 2 
RESIDUAL 
STRESS (kPa) 809 897 977
Table 6-8: Peak and residual undrained shear strengths for tests 1 and 2
In contrast the residual stresses for both the single planar discontinuity and reduced 
contact area tests 1 and 2 , were higher than that recorded for the corresponding intact 
tests. The dramatic post peak stress strain softening obsei*ved in the intact tests was not 
as well developed in the suites which contained discontinuities. This was a reflection of 
the more stable, ductile defoimation in both the single planar discontinuity and 15% 
contact aiea suites, associated with the additional energy required for them to achieve 
their residual strength and ultimate failure state (critical state).
The stress path and excess pore pressure plots for both undrained tests (NMTW7b & 
NMTW7c), shown in Figure 6-32 and Figure 6-34, indicated that the deformation
214
behaviour was generally contractant. Contractant behaviour was most marked in the 
second test, which was also obseiwed in the corresponding intact (NMT44) and single 
planar discontinuity specimens (NMTC24). Both stress paths had an obvious negative 
gradient, due to the generation o f excess pore pressures. The increased generation of 
excess pore pressures lead to a reduction in mean effective stress (stress paths turned to 
left), which indicated the progressive, stable failure of the asperities at the discontinuity 
boundary, with associated grain crushing. Grain crushing would increase the density of 
the material in the vicinity of the discontinuity, to a value that might have been greater 
than for the critical state. This contractive behaviour would have been in addition to the 
contractive behaviour of the intact material in the specimen.
The excess pore pressure peaked at the point that corresponded to the total crushing of 
the asperities, and the stress paths turned to the right, see Figure 6-32. These peak 
pressures (446kPa and 663kPa) occurred at lower axial strains than those measured at 
peak stress which indicated that dilatant deformation was initiated prior to failure, see 
Figure 6-34. This was due to the presence of granular, reconstituted chalk at the 
discontinuity boundary which attempted to achieve a looser packing arrangement in 
order to allow the development of shear failure. This dilatant behaviour was in contrast 
to that for the corresponding tests in the intact (NMT34 & NMT44) and single planar 
discontinuity suites (NMTC23 & NMTC24). In both these tests, the peak excess pore 
pressure occurred after the peak stress due to continued contractive deformation after 
the initiation of failure.
The magnitude of the excess pore pressures generated in these reduced contact area tests 
(446kPa and 663kPa) were also higher in value than for either the intact tests (311kPa 
and 531kPa) or the single planar discontinuity tests (320kPa and 515kPa). The reduced 
contact area specimens had voids between the asperities which were water filled, which 
gave a greater volume of free water within the membrane, compared with the other two 
suites. During compression the asperities were partially crushed, and water was 
expelled from the specimen. However some free water remained in the voids between 
the asperities. The shear stage was undrained, and so no further water could drain from 
the specimens, which generated larger excess pore pressures.
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The right turn in the stress paths, see Figure 6-32, marked the point in the test when the 
contact area had become 100% and the asperities were totally crushed. Dilatant 
behaviour then dominated. The linear limit and yield occurred during this dilational 
phase, see Figure 6-34, which is in contrast to the intact (NMT34 & NMT44) and single 
planar discontinuity (NMTC23 & NMTC24) tests. This was because the reduced 
contact area specimens (NMTW7b & NMTW7c) contained a layer of reconstituted 
chalk from an early stage in the shear* test, sandwiched between the upper and lower 
intact halves of the specimen. The reconstituted chalk behaved as a dense, granular soil, 
which dilated in response to compressive shear and dominated the overall behaviour of 
the chalk. The intact (NMT34 & NMT44) and single planar discontinuity (NMTC23 & 
NMTC24) specimens, however, contained either no reconstituted chalk or a much 
smaller thickness than in the reduced contact area specimens. Therefore the shear 
behaviour observed in these suites was dominated by the intact chalk fabric. This was 
typified by contractive deformation, as described in Chapter 5.
Further reductions in pore pressure were observed in both 15% tests which was 
indicative of the specimens trying to dilate in response to intensifying distortion and 
movement along the newly formed failure plane. This coincided with a drop in 
deviatoric stress. Finally the deviatoric stress and excess pore pressure in test 2 
stabilised at strains beyond failure which indicated that the material had achieved 
critical state. The final pore pressures achieved in these tests (295kPa and 515kPa) were 
similar to those for the intact (235kPa and 555kPa) and single planar discontinuity 
(220kPa and 515kPa) suites.
The overall trend in behaviour demonstrated by tests 1 and 2 in this reduced contact area 
suite was similar to that observed by others for undrained shear tests on remoulded 
chalks, and for undrained deformation behaviour of dense sands [Atkinson & Bransby, 
1978; Bolton, 1991; Wood, 1990; Coop, 1990]. The similarities are:
• initial contractive deformation, followed by dilation at larger axial strains
• dilation initiated prior to shear failure
• further dilation required, post-failure, to enable critical state to be attained
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This behaviour was different to the corresponding tests in the intact (NMT34 & 
NMT44) and single planar discontinuity suite (NMTC23 & NMTC24), which displayed 
deformation analogous to loose or lightly overconsolidated soils. The similarities are:
• contractive behaviour throughout shear
• in undrained tests: the decline of pore water pressure as the critical state is 
approached
• in drained tests: slowing of the rate of volumetric strain as the critical state is attained
The most likely explanation was that the presence of the reconstituted chalk in the 15% 
contact area suite was the main factor which contributed to the differences in behaviour 
observed.
Visual examination of the specimens from test 1 and 2 (NMTW7b & NMTW7c) post­
test indicated that a distinct shear plane had developed which separated two blocks of 
substantially intact material. The failure planes had developed at approximately 30° to 
the vertical axis of the specimen, see Figure 6-35, as expected. The shear plane cut 
through the horizontal discontinuity as if the chalk specimen was intact, which would 
suggest that it developed after the asperities had been totally crushed. This was 
supported by visual inspection of specimens from tests which failed during compression 
(NMTW7d & NMTW7e). These specimens indicated crushing of the asperities which 
resulted in granular chalk at the discontinuity boundary. The development of a single 
failure plane, also at approximately 30°, was observed in the corresponding tests in the 
intact and single planar discontinuity suites, but was in contrast to the cataclasis 
observed in the UCS tests. This difference was due to the influence of confining 
pressure, which promoted a more stable mode of failure.
The top and bottom half of the specimens from the undrained shear tests (NMTW7b & 
NMTW7c) were welded together and no evidence of the asperity geometry remained. 
There was evidence of extensive ductile, plastic deformation in the vicinity of the 
discontinuity, which was manifested as bulges. The chalk at the discontinuity boundary 
was softer than the rest of the specimen, which was indicative of substantial disruption 
of the bond structure. No overall barrelling of the specimen was observed.
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Figure 6-35 Failure plane in 15% contact area specimen
The mode of deformation observed in tests 1 and 2 appeared to be a combination of two 
separate processes:
• ductile, pervasive, homogeneous deformation in the vicinity of the discontinuity 
produced by progressive failure and loss of structure and grain crushing in the 
asperities
• brittle deformation in the upper and lower halves of the specimen, with localised 
failure and the majority of the chalk remaining intact
The third and fourth test in the suite (NM TW lf & NMTWlh), which underwent drained 
shear, demonstrated plastic, ductile deformation behaviour, from the start of shear. The 
contact area for test 3 (NMTWlf) was calculated to be 72% prior to the start of shear. 
The point at which all the asperities had been crushed corresponded to an axial strain of 
1.089%. This coincided with an increase in material stiffness, see Figure 6-36.
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Figure 6-36: Shear stage results for test 3 (NMTWlf)
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Figure 6-37: Shear stage results for test 4 (NMTWlh)
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Crushing of the asperities was calculated to be complete for test 4 (NMTWlh) prior to 
the start of shear and deformation continued as the specimen contracted volumetrically, 
due to pore collapse. Prior to the linear limit, the relationship between stress and strain 
was observed to be linear, see Figure 6-37, which was the same as the corresponding test 
in the intact material (NMT72). Failure was not observed in either specimen and both 
continued to strain harden with increasing axial strain, see Figure 6-38.
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Figure 6-38: Drained shear stage results
Visual examination of the specimens from tests 3 and 4 (NMTWlf & NMTWlh) showed 
no shear plane and indicated that failure was much more pervasive and homogeneous 
than in the first two tests (NMTW7b & NMTW7c), see Figure 6-39. Little, if no, 
barrelling was observed although substantial axial shortening had occurred, indicated by 
the large final axial strains, of 10.088% and 10.959% see Table 6 - 6  The higher 
confining stress tended to inhibit any dilatant behaviour and promoted a more pervasive 
inter-granular mode of failure. This style of deformation would have been initiated and 
concentrated in the vicinity of the discontinuity, which was a heterogeneity within the 
specimen. Like all other test specimens in this suite, the horizontal saw cut
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Figure 6-39; Sketch of plastic deformation in 15% contact area specimen
was also tightly welded with no evidence of the original asperities and considerable 
disruption of the original chalk fabric.
The stress paths followed by the suite of tests, including an unconfined compressive 
strength test (NMT51), are shown in Figure 6-40, where it can be seen that yield 
occurred at different points for each of the stress paths. The positions of the brittle 
failure line (BFL) and critical state line (CSL) aie also shown. The BFL was based on 
the UCS test (NMT51) and test 2 (NMTW7c) and the CSL was based on test 1 and 2 
(NMTW7b & NMTW7c). The stress ratio, M, was found to be 1.87, which equated to a 
critical friction angle, <j)c\ of 45°, which agreed well with the previous findings for the 
Needham Market chalk, see Table 6-9.
At low effective stresses more unstable, semi-brittle failure dominated the deformation 
of the chalk and consequently the linear limit, yield and failure, for the reduced contact 
area suite, all occurred at similar stresses. Failure in this suite was generally more stable 
and ductile than the corresponding tests in the intact and single planar discontinuity 
suites. As the effective confining stress increased there was a transition to more stable, 
increasingly contractive, ductile behaviour, in which the linear limit occurred before
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Figure 6-40: Stress paths for 15% contact area triaxial suite
TEST SUITE INTACT SINGLE PLANAR 
DISCONTINUITY
15% CONTACT 
AREA
STRESS RATIO, M
1.68 1.74 1.87
CRITICAL 
FRICTION 
ANGLE, (|)c', (DEC)
41 42 45
Table 6-9: Comparison of stress ratio for all three triaxial suites
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yield. At higher confining stresses dilatant behaviour was inhibited and failure was not 
observed. This transition in behaviour from brittle to ductile deformation did not 
produce the divergence of the linear limit and yield surface observed for the previous 
suites, see Figure 6-40. The close spacing of both surfaces was indicative of a rapid 
transition from a bonded, structured material to one in which there was a loss of 
bonding. This was due to the presence of the reconstituted chalk at the discontinuity 
boundary which dominated the deformation behaviour.
The form of the yield surface was similar to that observed for other chalks, as can be 
seen in Figure 6-41. Both figures demonstrate a broadly semi-circular yield surface and 
a similar divergence of the linear limit and yield surface. The results for the Needham 
Market chalk, however, produced a more shallow, elongate yield envelope, than the 
model developed for chalk, shown in Figure 6-41. The shape and size of the yield 
surface has been shown to be a function of intergranular bond strength and porosity 
[Vaughan et al, 1988; Farmer, 1983]. The shallowness of the yield envelope for the 
Needham Market chalk, in terms of deviatoric stress, was, therefore, a function of its 
relatively low strength and high porosity compared with the chalks used to derive the 
model shown in Figure 6-41.
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Figure 6-41: Yield surface for chalk [Kâgeson-Loe, 1993]
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Figure 6-42 illustrates the total amount of axial strain accumulated during deformation, 
from the start of the test. It can be seen that very large accumulated axial strains, up to 
14%, were observed in these tests, due to the progressive failure of the asperities and 
subsequent deformation of the intact material either side of the discontinuity. These 
strains were much larger than those recorded for either the intact (6.5%) or the single 
planar discontinuity suite (6.5%).
The total deformation behaviour of the reduced contact area suite was much less stiff 
than the intact suite or even the single planar discontinuity suite. For example, the 
average initial stiffness in shear of the intact suite was 2.08GPa, the stiffness of the single 
planar discontinuity suite was 1.31 GPa whereas the average stiffness of the 15% contact 
area suite was only 0.04GPa.
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Figure 6-42: Axial strain (%) contours for 15% contact area chalk specimens
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Within the reduced contact area specimens it was possible to observe variations in the 
stiffness response. Slightly more stiff behaviour was observed within the linear limit, 
signified by the larger spacing of the axial strain contours in Figure 6-42. Within the 
limit of linear behaviour the chalk behaved as a relatively stiff material, although the 
amount of accumulated strain (7% axial strain) was significantly more than for either the 
intact (<0.025% axial strain) or single planar discontinuity suite (approx. 0.2% axial 
strain). The larger strains recorded were due to closure of the open discontinuity, by 
asperity destruction, during the early stages of the triaxial tests. The deformation within 
this domain was not purely elastic since a large amount of plastic deformation would 
have occurred, associated with the crushing of the asperities at the discontinuity 
boundary. Beyond the linear limit there was a relative loss of stifftiess, indicated by the 
closer contour spacing. This was related to:
• plastic deformation of the chalk fabric due to a progressive loss of bonding and 
deformation of the particulate, reconstituted chalk at the discontinuity boundaiy
• initiation o f plastic deformation in the pore spaces within the intact halves of the 
chalk specimen
At yield there was a further loss of stiffiiess in the chalk due to pore collapse and the 
onset of grain crushing on a macro-scale, i.e. within the whole specimen. The same 
bifurcation in accumulated strain behaviour, as previously described for both the intact 
and single planar discontinuity specimens was observed for these reduced contact area 
tests. The bifurcation of the strain contours was related to the style of deformation i.e. 
strain softening or hardening and was a function of the confining pressure.
6.3 Summary
The suites of uniaxial compressive strength tests and triaxial tests conducted on 
specimens of Needham Market chalk in which there were discontinuities were an 
extension to the work described in Chapter 5. This component of the research 
investigated the influence of discontinuities on the deformation behaviour of chalk 
which was analogous to the investigation of idealised rock mass behaviour.
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The UCS work tested and confirmed the hypothesis that chalk mass deformation could 
be described by three phases of behavioui', namely:
PHASE 1 
PHASE 2 
PHASE 3
from intact undeformed material to the initiation of asperity failure 
from initiation of asperity failure to complete destruction of asperities 
from total asperity destruction through to post-failure of intact material
It was found that the yield stress of the Needham Market chalk was, indeed, a material 
constant. In addition, it was also possible to establish a mathematical relationship 
between initial contact area, axial strain and stiffness, which was found to be a decaying 
exponential relationship. This indicated that there was a critical initial contact area of 
between 44% and 51% below which the strain response of a rock mass markedly 
increased, for a given (axial) foundation load. It was also possible to establish an 
exponential relationship between initial asperity height and axial strain. Further work 
would be required to explore these relationships fiirther.
It was then possible to extend the research further to conduct a suite of triaxial tests on 
specimens with discontinuities with small initial contact areas, to represent an idealised 
rock mass. A contact area of 15% was chosen since this was significantly below the 
critical contact area ratio of 44% described above, and so enabled the differences in 
deformation behaviour between intact chalk and a chalk rock mass to be clearly 
observed. It was found that the reduced contact area suite demonstrated shear 
deformation characteristics that were similar to those of dense granular soils. This was 
due to the presence of reconstituted chalk within the specimen, generated from the 
destruction of the asperities at the discontinuity boundary. This was in contrast to the 
shear deformation behaviour observed for the intact and single planar discontinuity 
suites, which demonstrated aspects similar to loose, or lightly overconsolidated soils.
It was also found that similarities in deformation characteristics existed between the 
reduced contact area suite, intact suite and single planar discontinuity suite. This is 
illustrated in Figure 6-43. It can be seen that the form of the linear limit and yield 
surface for all three types of chalk body were very similar. The coincidence of the CSL 
was expected since the chalk in each case, at this stage, had been destructured and so
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Figure 6-43: Comparison of chalk deformation behaviour
behaved as a granular soil. Variations between the state boundary surfaces for the 
idealised rock mass (15% contact area suite) and the other two suites were expected 
since the presence of the reconstituted chalk at the discontinuity boundary modified the 
deformation behaviour, as previously discussed.
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It can be seen from Figure 6-43, that the yield surface for the 15% contact area suite 
generally plotted inside those for the both the intact and the single planar discontinuity 
suite. This was expected since, like the linear limit surface, the size of the yield surface 
was also a function of the degree of intergranular bonding. The 15% contact area suite 
contained fewer bonds, due to the presence of the destructured chalk, at the 
discontinuity boundary.
The linear limit was closer to the yield surface for the 15% suite when compared with 
the other two suites. This indicated that the intact fabric remaining within the 15% 
suite, rapidly evolved from a bonded to a particulate state. In the other two suites this 
transition was observed to be a more gradual process.
Figure 6-43 demonstrates that the linear limit surface for the 15% contact area suite 
appears outside the intact and the single planar discontinuity suite. This was contrary to 
what was expected since the size of the domain in which linear behaviour existed was a 
function of the degree of intergranular bonding. Therefore it was expected that the 
presence of reconstituted chalk at the discontinuity boundary would have contracted the 
linear limit surface, to lie within those for the intact and single planar suites. This result 
may have been an artefact produced by the position for the linear limit derived from test 
3 (NMTWlf), which increased the size of the linear limit surface. Alternatively it might 
have been a reflection of the increased heterogeneity within the 15% contact area suite, 
which was likely to have resulted in a greater variation in the test results obtained. 
However, a trend of linear limit surface expansion was observed, fiom the intact suite, 
through the single planar discontinuity suite, to the 15% suite, see Figure 6-43.
This indicated that the presence of reconstituted chalk at the discontinuity boundary 
increased the size of the domain in which a linear relationship existed between stress 
and axial strain. In order to fully understand this aspect of rock mass deformation 
behaviour, further work would be required, which is beyond the scope of this study.
228
7. CONCLUSIONS AND RECOMMENDATIONS
7.1. Intact Chalk Deformation
The deformation behaviour of intact Needham Market chalk has been described in 
Chapter 5. The chalk demonstrated characteristics of both an intact, elastic porous rock 
and a granular soil. Similar deformation behaviour has been previously reported for 
other weak sedimentary rocks [Farmer, 1983; Matthews & Clayton, 1992; Kâgeson-Loe, 
1993; Cuccovillo, 1995]. At stresses within the linear limit, the chalk behaved as a 
weakly bonded rock where elastic strains dominated due to the presence of bonding. 
Beyond these stresses, permanent strains occuned and the chalk stmcture began to 
disintegrate progressively until the behaviour tended to that observed for a granular soil, 
in which frictional processes dominated. The compressibility behaviour of intact chalk 
was defined by a double yield model. The elastic domain of the intact fabric was 
defined by the limit of linear behaviour and the onset of pore collapse and loss of 
bonding was defined by the yield point. The point at which the linear limit and yield 
was exceeded varied but was dictated by the operational deviatoric stress and the 
confining pressure in a given engineering situation. This non-linear behaviour of chalk 
was likely to be largely irreversible under normal engineering conditions since the 
elastic strength, prior to deformation, was due to bonding and cementation.
Deformation behaviour in uniaxial strain resulted in the intact chalk achieving states 
which were impossible for reconstituted chalk. This was due to the presence of bonding 
and structure and similar behaviour' has been observed for other structured materials 
[Graham & Li, 1985; Burland, 1990; Leroueil & Vaughan, 1990; Cuccovillo, 1995].
The shear deformation of the intact chalk indicated a stress ratio, M, that was very 
similar to those recorded for both cemented and reconstituted carbonate sands, which 
indicated that the critical state of the chalk was not dependent on the strength of the 
bonds within the intact fabric [Atkinson, 1993; Cuccovillo, 1995]. The shear 
deformation behaviour of the intact chalk was similar* to that observed in cemented 
carbonate sands with strong cement and weak grains, in that it appeared to be largely
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controlled by bonding up until yield, and once bonding had been lost, was controlled by 
frictional behaviour dominated by grain crushing.
The shear* deformation behaviour o f the intact chalk demonstrated that an increase in 
confining pressure changed the failure behavioru from brittle to ductile, and the post­
deformation behaviour from strain softening to strain hardening. This has been 
observed for other chalks and both natiually and artificially cemented sands [Kâgeson- 
Loe, 1993; Cuccovillo, 1995].
The intact chalk behaved as a brittle material at low confining stresses, with associated 
marked strain softening, post-failure. Low confining stresses are likely to prevail in 
near surface foundation situations. Concentration of stresses in chalk, near the ground 
surface, which resulted in yield would cause marked strain softening in this zone. This 
would then be propagated into adjacent aieas, causing collapse of the intact fabric of the 
chalk, which would result in large settlements, in the case of shallow foundations. For 
deep foundations, if driven piles were used, the intact chalk stmcture would be likely to 
collapse due to shear deformation with a resultant loss of horizontal stresses. This 
would cause a reduction in shaft frictional capacity, due to post-failure softening of the 
chalk. It can be seen, therefore, that in such cases, the use of peak strength parameters 
in foundation design would be inappropriate.
Much published work exists on the intact deformation behaviour of chalk. The triaxial 
test results for the intact chalk were, additionally, used to commission and validate both 
the laboratory testing equipment and experimental proceduies against this body of 
literature.
7.2. Simple, Idealised Rock Mass Deformation
Identical behaviour was hypothesised between intact material and an idealised rock 
mass in which there was a perfectly smooth discontinuity, see Chapter 3. In reality, it 
was known that a smooth discontinuity in chalk would have a contact area much less 
than 100%. A suite of triaxial tests was conducted on specimens in which there was a
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single planar discontinuity, in order to represent and investigate the behaviour of a 
simple, idealised rock mass, as described in Chapter 5.
Despite the difference in initial contact area, the triaxial tests did show that there was 
good agreement between the deformation behaviour of the intact chalk and material in 
which there was a smooth discontinuity (perpendicular to the direction of axial load).
The shear stage results demonstrated very similar behaviour between the two material 
systems, which indicated that similar deformation mechanisms were operational. At 
low confining stresses typical brittle behaviour was observed in both the intact and 
simple discontinuous chalk, with similar peak and residual strengths recorded. At 
higher mean effective stresses, deformation became increasingly ductile and more 
stable. The simple discontinuous chalk appeared to demonstrate the transition from 
brittle to ductile behaviour at lower effective confining stresses than the intact material. 
This was considered to be a reflection of the difference in degree o f bonding between 
specimens in the two suites. The shape of the surfaces in both suites were broadly very 
similar, with close agreement over the majority of the tests. Both systems also 
demonstrated a similar style of evolution of axial strain over the course of the tests.
The linear limit surface, yield surface and critical state and brittle failure lines for both 
the intact chalk and the simple chalk rock mass were plotted together, see Figure 7-1. 
The position of both the linear limit and yield surfaces were similar, particularly at high 
mean effective stresses, and agreed with the form of yield surfaces described for other 
chalks [Kâgeson-Loe, 1993]. The critical state line and brittle failure were also very 
similar in both systems. The critical state line was expected to be the same in each case, 
since it has been shown to be independent of material structure. At low mean effective 
stresses the linear limit and yield surfaces for the simple discontinuous chalk plotted 
outside those for the intact material. This was thought to be a reflection of the greater 
sensitivity of deformation to specimen heterogeneity, at low effective stresses, which 
was likely to result in a greater spread of results. Alternatively the expansion of the 
state surfaces might have been a function of the presence of reconstituted chalk at the 
discontinuity boundary in the idealised rock mass. The contribution that the
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Figure 7-1: Comparison of intact chalk and a simple chalk rock mass
destructured, reconstituted chalk made to this aspect of rock mass deformation was not 
clearly understood and work is required to investigate this further.
The initial stiffness values, up to the linear limit, for the discontinuous chalk, were 
generally lower than those reported for the intact material. The discrepancy was greatest 
at low to medium effective isotropic stresses (< 1 SOOkPa). At high effective stresses 
there was good agreement between the two suites since any discontinuity was likely to 
be well mated due to yield of the asperities during isotropic compression.
Similar differences in behaviour were also observed in the accumulated strain results, see 
Figure 5-24, which indicated larger strains in the simple chalk mass than for intact
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chalk at corresponding effective stresses, see Figure 5-14. This was expected since 
deformation due to closure of the discontinuity, with associated asperity destruction, in 
addition to deformation of the intact material would have occurred. However, laiger 
accumulated strains in the simple rock mass were only found for stresses within the 
yield surface. The behaviour appeared to reverse at higher mean effective stresses, 
which indicated a slightly stiffer response in the simple, idealised chalk mass.
This indicated that the introduction of a discontinuity perpendicular to the direction of 
loading produced a reduction in the normal stiffness of the system which was supported 
by previous work [Matthews & Clayton, 1992; Matthews, 1993]. The reduced stiffness 
may have been a result of two factors.
The first factor was related to the calculation of stress. In order to determine stiffness, 
see Appendix A, the cross-sectional area over which loads are transmitted must be 
known in order that axial stress, 0 7 , may be correctly calculated. In the tests on the 
intact chalk the cross-sectional area was equal to the total area of the specimen. In the 
discontinuous chalk, the initial cross-sectional area over which the axial load was 
applied was less than 100% due to surface roughness. The exact true area of contact in 
the simple discontinuous chalk suite could not be measured and had to be calculated. 
This was a considerable improvement on axial stress calculations based on the total 
cross-sectional aiea of the specimen, but may have resulted in an underestimation of 
stress and hence a reduction in the initial stiffness.
As soon as the asperities were crushed, the true contact area for both suites became 
equal, and appaient differences in behaviour reduced significantly (beyond the linear 
limit), as shown in Figures 5-14 and 5-24. Between the linear limit and yield, the 
difference in the amount of accumulated strain was seen to lessen. Beyond yield, a 
similar accumulated strain response was observed in both suites. The theory developed 
in Chapter 3 closely predicted other aspects of the rock mass deformation behaviour 
observed. Therefore it was unlikely that the calculation of contact area and hence stress, 
would have been significantly in error.
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The second, and most likely, factor chalk mass was the actual effect of the reduced 
contact area at the start of the test. Initially deformation would have occurred at the 
discontinuity boundary associated with asperity crushing and discontinuity closure. This 
would have resulted in a lower stiffness being recorded for the idealised rock mass. 
Once discontinuity closure was complete, the idealised rock mass behaviour- would have 
approximated to that of the intact material and any differences in deformation behaviour 
would have reduced. The amount of reconstituted chalk present at the smooth 
discontinuity boundary would be very small and unlikely to significantly influence the 
deformation behaviour in the later stages o f the tests, and at higher confining stresses.
The stress at which either the linear limit or yield was exceeded in both suites was 
determined by the deviatoric stress and the confining stress, and not by the presence of a 
discontinuity. Therefore the deformation behaviour of both the intact and the simple 
discontinuous chalk, when described in terms of stress, agreed well. The only major 
variation in behaviour was the different amount of deformation that was observed in the 
two systems, prior to yield. The presence of the discontinuity initially produced laiger 
axial strains in the simple rock mass, as described above.
It can be seen that the compressibility of both intact chalk and a simple rock mass were 
influenced by the same factors. In a given foundation situation very similar styles of 
deformation would be observed for either intact chalk or a chalk mass with the simple 
discontinuity geometry described here. From the forgoing discussion it can be seen that 
the deformation behaviour of intact chalk and that of an idealised simple rock mass 
agreed very closely.
7.3. Deformation of an Idealised Rock Mass with Reduced Contact Area Ratio 
at the Discontinuity Boundaries
The deformation of an idealised rock mass with discontinuities of varying contact area 
ratios was investigated, using a suite of UCS tests. This investigation supported the 
hypothesis that both the yield and residual stresses of the chalk was a material constant, 
for a given stress regime, regardless of the system geometry. It also indicated that, for a 
rock mass, with an initial contact area of greater than 51%, the deformation behaviour
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observed was similar to that of the intact material. Below this contact area, much larger 
strains were observed. Therefore there was a critical contact area ratio as expected, 
between 44% and 51%, in which there was a marked change in the strain response of the 
rock mass.
In addition, a decaying exponential relationship between initial contact area and axial 
strain was determined for the stage of asperity crushing and discontinuity closure, during 
rock mass deformation. This relationship had the form:
=  A Tg-':''
Equation 7-1
where:
6a = axial strain 
A/ = initial contact aiea 
K ~ constant 
C = constant
From Equation 7-1, it was possible to establish a relationship between stiffness and 
initial contact area, which is shown below:
Equation 7-2
where:
E=  stiffness at failure (Young's modulus)
AI = initial contact area 
K  = constant 
C = constant
An exponential relationship between initial asperity height and axial strain was 
determined from the experimental results, of the form:
Equation 7-3
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where:
Sa = axial strain 
hi = initial asperity height 
K  = constant 
C = constant
The empirical exponential relationships between axial strain and both initial contact area 
and initial asperity height was used to derive the relationship between initial contact area 
and initial asperity height. It was found to be a negative linear relationship, of the form:
hj = -mAi + b
Equation 7-4
where:
hi = initial asperity height 
AI = initial contact area 
m = constant 
b = constant
This was confirmed by determination of the empirical relationship between initial 
contact area and initial asperity height, which was also a negative linear relationship. 
This finding was due to the geometry of the idealised rock mass model used in this 
study
The determination of clear relationships between initial contact area, asperity height and 
axial strain in response to axial loading provided a valuable insight into the rock mass 
behaviour in response to foundation loading. It quantified the amount of settlement 
expected within a rock mass of a given geometry and rock type, and confirmed these 
parameters as key factors which controlled the compressibility of a rock mass.
Visual inspection of the test specimens indicated that the large axial strains observed 
during these tests were primarily related to the total destruction of the asperities at the 
discontinuity boundary, with limited pore collapse in the adjacent intact material. The 
larger the initial discontinuity aperture, the larger were the .axial strains recorded, 
although the strains were also directly related to the contact area ratio.
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These experimental results also validated the theory developed in this thesis that when a 
chalk mass was subjected to a loading that exceeded the yield stress of the intact chalk, 
such as from a foundation:
• the asperities at a discontinuity boundary were crushed
• the discontinuity aperture was reduced
• the contact area at the discontinuity boundary increased, up to a maximum of 1 0 0 %, 
until it was sufficiently large to support the foundation loading without further yield. 
If the axial stress continued to exceed the yield stress of the chalk, yield of the intact 
material would then occur
This was in contrast to previous work, in which the contact area and aperture at 
discontinuity boundaries were not thought to significantly change [Duncan & Hancock, 
1965; Bandis et al., 1983; Matthews & Clayton, 1996]. However these results 
supported the findings that, in foundation design, the openness of discontinuities is an 
important engineering parameter, see Chapter 2 [Lord et a l, 1994]. In addition the true 
contact area at the discontinuity boundary was found to be of significant influence in the 
compressibility of a rock mass, as suggested by others [Barton, 1986].
Finally, an investigation of a rock mass geometry which was considered to be a closer 
approximation to a natural rock mass was conducted, by performing a suite of triaxial 
tests conducted on reduced contact area specimens. The results similarly demonstrated 
that crushing of the asperities and reduction/closure of the discontinuity aperture 
occurred in response to axial loading.
It was found that, in the rock mass, once the applied load exceeded the yield stress of the 
chalk, the asperities began to yield and the rock mass comprised:
• intact rock which was still in a pre-yield condition
• the discontinuity itself
• reconstituted chalk from the failed asperities
During asperity failure there was a reduction in stiffness, due to progressive 
discontinuity closure and destruction of the asperities. Once discontinuity closure was
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complete there was an increase in relative stiffness of the rock mass as the faces of the 
discontinuity made contact and the contact area increased to 100%. This was followed 
by further progressive loss of bonding in the intact chalk with associated large strains.
The shear deformation behaviour of this rock mass system was similar to that observed 
for the intact and simple discontinuous chalk material. The yield stresses, for a given 
stress path, were similar in all three suites and there was a transition from brittle to 
ductile, more stable, failure with increasing confining pressure.
The introduction of a discontinuity with asperities influenced the style of deformation 
observed in triaxial shear, when compared with the previous suites. A less brittle style 
of failure at low confining stresses was observed and deformation became increasingly 
ductile with increasing confining stress. Visual inspection of the specimens indicated 
that pervasive, ductile deformation also appeared to be concentrated around the 
discontinuity. The transition from brittle to ductile failure occurred at lower confining 
stress which was due to the increased influence of the unbonded, reconstituted chalk at 
the discontinuity boundary. The simple discontinuous chalk and intact systems had a 
progressively higher degree of bonding than this idealised rock mass.
The linear limit, yield surface, CSL and BFL for all three suites were plotted together, 
see Figure 7-2. The critical state line for each suite plotted in very similar stress space 
and gave a critical friction angle that varied from 41° to 45°, which agreed well with 
published values for uncemented carbonate sand [Atkinson, 1993]. This was expected 
since the CSL represented the ultimate state of the chalk, one in which there was no 
bonding and hence the chalk behaved as a granular soil. The position of the yield 
surface for all three suites was also very similar, which indicated that there was very 
little difference in the deformation behaviour, in terms of stress. The size of the yield 
surface was a function of the degree of intergranular bonding. Although similar in 
shape, the yield surface of this idealised rock mass (15% contact area suite) was slightly 
smaller than those of the intact and simple rock mass. This was expected since the 
idealised rock mass contained a lower degree of bonding due to the destructured chalk at 
the discontinuity boundary produced by crushing of the asperities. The position of the 
linear limit for the idealised rock mass plotted outside those for the intact chalk and the
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Figure 7-2: Comparison of intact and idealised chalk rock masses
simple rock mass model. The linear limit for the third suite was not analogous to the 
other two, as discussed in Chapter 6 , and further work is required to investigate this 
aspect of rock mass deformation behaviour.
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The stiffness of this rock mass system was much lower than that recorded for the 
systems described previously. This was thought to be a reflection of the increased 
influence of the reconstituted chalk at the discontinuity boundary on the deforaiation 
behaviour. The low initial contact area ratio and large aperture resulted in a large 
volume of reconstituted chalk being produced during asperity yield and failure. Much 
larger accumulated strains were associated with deformation of the rock mass with 
asperities, when compared with the previous experimental results. This was due to the 
larger discontinuity aperture which closed during axial loading and the larger volume of 
reconstituted chalk at the discontinuity boundary.
Although low stiffnesses were recorded in the rock mass systems with reduced contact 
area ratios, a relative increase in stiffness was observed during the tests. This 
corresponded to a deformation stage which was beyond total closure of the discontinuity 
aperture. The increase in stiffness associated with discontinuity closure was typical 
behaviour of single discontinuities and strong rock masses as described in Chapter 2.
Overall the stress deformation behaviour o f the chalk appeared to be largely dependent 
on the deviatoric stress and confining stress which operated during the tests and was 
independent whether intact chalk or a model of a simple rock mass was being tested. 
The geometiy of the chalk system under consideration did influence the amount of axial 
strain developed during the tests. The factors which influenced the compressibility of 
the rock mass were seen to be the true contact area at the discontinuity boundary, the 
initial discontinuity aperture and the yield stress of the material. Once the onset of 
asperity yield had begun, the destmctuied chalk at the discontinuity boundary then 
influenced the deformation behaviour of the rock mass. The position of the linear limit 
and yield surfaces for the rock mass were modified from that observed for the intact 
material.
240
7.4. Summary
This research found that the deformation behaviour of intact chalk and an idealised 
chalk mass was identical in terms of stress response, prior to yield of the chalk. In the 
intact rock, yield related to yield of the intact chalk body, whereas in the rock mass, 
yield initially related to yield of the asperities. The yield stress of a chalk body was 
found to be a material constant, independent of the geometry of that body.
The initial contact area and asperity height at the discontinuity boundaries within a rock 
mass were found to control the amount of axial strain developed during discontinuity 
closure, in response to an applied load. If the initial contact aiea exceeded 
approximately 50%, then the strain response of the rock mass was similar to that 
observed for intact chalk. The precise nature of these relationships would be expected 
to vary with different rock mass types and geometries.
The main factors which control the compressibility of chalk were found to be:
• the yield stress of the intact chalk
• the true contact area at the discontinuity boundaries
• the apertuie of the discontinuities
Since the yield stress of the chalk was found to be a known constant, the area of contact 
at failure could be calculated for a given rock mass geometry and foundation load. If the 
in situ initial area of contact was found to be less than the calculated value then failure 
of the asperities would occur and large foundation settlements would result.
Effective foundation solutions on chalk rock masses would need to incorporate these 
factors in the design process. This thesis has not considered the influence of weathering 
on the chalk adjacent to the discontinuity. This would clearly have to be incorporated in 
any rigorous design analysis.
The hypothesis proposed for deformation in strong rock masses, was also found to apply 
to weak rock masses. Weak rock masses also demonstrated discontinuity closure with 
an associated increase in stiffliess during the early stages of deformation, as
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demonstrated in Chapter 6 . This produced a concave portion to the stress-deformation 
curve, as shown in Figure 7-3. However, this stage of the test represented only a small 
part of the overall deformation. Discontinuity closure was then followed by yield of the 
intact material, which, produced an overall convex shape to the stress-deformation curve. 
The total behaviour observed in plate loading tests on a weak rock mass, such as chalk, 
was also dominated by deformation associated with yield of the intact material, which 
produced a convex stress-deformation curve, similar to the laboratory observations. 
Thus any increase in stiffhess due to discontinuity closure was masked by the relatively 
large magnitude of deformation associated with the summation of yield of both the 
asperities and the intact chalk
1500
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Figure 7-3: Overall convex stress-deformation curve for a chalk rock mass
In contrast, it is thought that yield of the intact material in strong rock masses did not 
occur at usual engineering stresses imposed by foundations. The deformation behaviour 
was dominated by discontinuity closure alone, which resulted in the concave stress- 
deformation behaviour described in Chapter 2. Consequently the major difference in the 
compressibility of weak and strong rocks appeared to be whether or not the intact 
material yielded.
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It would appear, therefore, that the same factors contribute to the compressibility of both 
weak and strong rock masses, with similar discontinuity patterns. Differences in the 
yield mechanisms in different intact rock types may still exist, but an investigation to 
confirm this was beyond the scope of this research.
7.5. Further Work
Chalk rock mass behaviour is complex and hence is difficult to model geotechnically 
and theoretically. However it does appear to be controlled by three factors:
• the yield stress of the intact chalk
• the true contact area at the discontinuity boundaries
• the aperture of the discontinuities
The accurate measurement of the parameters associated with these factors, particularly 
contact area, is difficult to achieve. Improvements in field measurement of these 
parameters would appear to be a natural progression on from this work.
This research considered single discontinuities in one type of chalk. This work could be 
extended to include multiple discontinuities and different porosity chalks by first 
conducting a large scale field study which considered;
• the relationship between porosity and discontinuity patterns, including spacing, in 
chalk rock masses
• the relationship between discontinuity patterns and weathering in chalk rock masses
• typical discontinuity morphology in chalk rock masses, to include a range of contact 
areas, typical asperity geometry and aperture
The results of this fieldwork would provide realistic upper and lower bound rock mass 
models in terms of parameters such as likely discontinuity apeiture, true contact area 
and degree of weathering at discontinuity boundaries. It would then be possible to 
follow up with laboratory work to:
• investigate the influence of contact area ratio on the deformation behaviour of simple 
rock masses, continuing on from the work described in Chapter 6 . This would 
include a series of tests on specimens with reduced contact area ratios stopped at
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certain stages to confirm contact aiea changes during deformation. It would also be 
possible to confirm the stage at which failure in the intact material was initiated. In 
addition all triaxial tests could continue until specimens reached critical state in order 
to more fully understand the mechanisms which operate at discontinuity boundaries 
when crushed chalk material, from failed asperities, is subjected to continued 
deformation
• perform a study of uniaxial and triaxial tests on specimens with different initial 
contact area ratios, but with constant asperity height. A natural progression from this 
work would be an investigation of the influence of asperity height for a given contact 
area, in order to probe further the relationship of both contact aiea and asperity height 
with axial strain
• Examine the influence of asperity geometry on the deformation behaviour of simple 
rock masses
• Investigate the influence of the presence of destructured chalk at discontinuity 
boundaries on the size and shape of state boundary surfaces
Recently the complexities of rock mass behaviour have been numerically modelled 
[Cundall, 1990]. Meaningful numerical modelling is dependent on both an 
understanding of the mechanisms involved and on the use of valid and realistic 
parameters. This research has provided an experimental and theoretical basis for 
understanding the mechanisms and factors which control chalk mass compressibility. 
The future work described above may provide parameters, which describe these 
mechanisms, with sufficient confidence to make them suitable for use in numerical 
analysis. In this way a more complete understanding of rock mass compressibility may 
be achieved.
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APPENDIX A BASIC DEFINITIONS AND FORMULAE
A.l Stresses
Principal total stresses are defined as 07, which is the major principal stress, 02, which is 
the inteimediate principal stress, and 05, which is the minor principal stress. Effective 
stresses (total stress - pore pressure) are denoted by the ' suffix.
Stress invariants have magnitudes which are independent of the choice of reference 
axes. The stress invariants often used in soil mechanics include p ' and q'. In a general 
3-dimensional stress state, these are defined as:
P - 3 ( 0 -1’+ 0 ‘2 '+ 0 '3 ')
1/2
where;
p ' = mean effective stress
q' = deviatoric effective stress = deviatoric total stress, q
However, in a triaxial cell during conventional shear tests, G2 ^ g s \  s o  that the preceding 
equations reduce to:
q^=G\-G^'
Equation A-1 
Equation A-2
A.2 Volume
Void ratio, g, is the ratio of volume of voids, Fy, to the volume of solids. Vs.
Equation A-3
A-2
where:
e = void ratio
Fv = volume of voids
Vs = volume of solids
Specific volume, v, is the total volume of soil which contains unit volume of solids.
V = 1 + e
Equation A-4
where:
V = specific volume 
e = void ratio
Porosity, «, is the ratio of the volume of voids, Fy, to the total volume of the soil, V.
Fv
where: 
n = porosity 
Fy = volume of voids 
V = total volume of soil
also expressed as:
where: 
n = porosity 
Pd = dry density 
Gs== specific gravity 
= density of water
n = ( l - ~ ^ ) x I O O
Equation A-5
Equation A-6
A 3 Poisson’s Ratio
Poisson's ratio, v ’, is an elastic parameter. It may be obtained from the results of 
uniaxial compression or extension tests, with the radial stress held constant or at zero. 
In such cases it is given by:
Equation A-7
V
A-3
where:
o' = Poisson's ratio
â£r = change in radial strain in the elastic range 
S£a = change in axial strain in the elastic range
A 4 Strain and Displacement
Axial and radial strain, £, is the change in length, AL, over original length, Lq, which is 
given by:
ALs  -
Equation A-8
where:
£•= strain
AL = change in length 
Lo = original length
Volumetric strain is change in volume, AV, over original volume, Vo, which is given by:
AV
Equation A-9
where:
£v = volumetric strain 
A V -  change in volume 
Vo = original volume
Strain is usually expressed as a percentage.
Displacement is the amount of movement recorded and is usually measured in 
millimetres. It is analogous to the change in length described above.
A.5 Stiffness
Stiffness modulus, E, is defined as the change in axial stress over the change in axial 
strain. It is given by:
A-4
E = Ô£„
Equation A-10
where:
E  = stiffness modulus 
ÔGa -  change in axial* stress 
0£a = change in axial strain
A.6 Drained and Undrained Stress Paths
In triaxial shear the total stress paths followed by specimens have a ôq/ôp ratio of 3, as 
derived below:
5q = 5g  ^ -  5a  ^
Equation A-11
ôp^~{5a^^lôa;)
where:
8q = change in deviatoric stress 
5p = change in mean stress 
ÔGa ~ change in axial stress 
ÔGr = change radial stress
Since the change in confining stress, ÔGr, is zero, then:
ôq = ScT„
Equation A-12
Therefore:
ôp = 3
Equation A-13
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This relationship holds for both drained and undrained tests if total stress paths are 
plotted. In drained tests the pore pressure remains constant and so the total and effective 
stress paths are parallel. In undrained tests, however, the pore pressure generally 
changes and so the total and effective stress paths differ.
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APPENDIX B INVESTIGATION OF CHALK SUITABILITY 
B.l Introduction
A series of tests were carried out in order to characterise the Needham Market chalk and to 
assess its uniformity in terms of composition and behaviour. The purpose of this work 
was to identify a naturally occurring material that was sufficiently uniform to enable 
reliable and repeatable results to be obtained from laboratory tests. This body of work is 
described in more detail elsewhere [Holloway, 1994].
One site from the fieldwork exercise was chosen from which to obtain chalk for testing. 
Chalk samples were obtained from eight locations within a quarry at Needham Market, 
near Ipswich, Suffolk, (GR TM 09445430) see Figure B-1 and Figuie B-2. This site was 
chosen because previous work indicated that this chalk was of a high porosity, was 
relatively uniform, and was of low strength [Saffari-Shooshtari, 1989; Matthews, 1993]. It 
would therefore be appropriate to test in the proposed laboratory facilities. The chalk at 
this location was Upper Chalk, deposited during the Campanian stage of the Upper 
Cretaceous period. It has been identified as being of the Actinocamax quadratus zone.
Eight locations within the quarry were sampled over a distance of approximately 100m, 
from piles of chalk which had been removed from the quarry side by a face shovel. 
Therefore it was not possible to record the original orientations of the chalk blocks. The 
samples were collected and stored in doubly sealed heavy duty plastic bags, which were 
labelled with the sample location. Each time any chalk was removed from one of these 
bags it was immediately resealed in an attempt to retain moisture content values close to 
those in situ. The first stage of the laboratory work was to determine the natural variability 
of the intact material. The assessment of unifoimity comprised:
• water content determinations
• dry density determinations
• Atterberg limits
• uniaxial compressive strengths
• slake duiability index determinations
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Figure B-1: Location map of Needham Market Quarry, Suffolk
sampling
locations
L
Figure B-2: Plan of Needham Market Quarry, showing face sampled
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B.2 Water Content Determination 
B,2.1 Method
Water content specimens were taken from the cuttings and small pieces of chalk, at its 
natural water content, left over from other specimen preparation. Care was taken not to 
use reconstituted chalk since there was a concern that water would be liberated from 
these specimens that would not be freed ftom intact rock. This is because intact chalk 
contains water within its pores that is not available for evaporation.
Water content determinations were carried out for nine samples from each of the eight 
sample locations, according to the British Standard test no. 3: part 2 [BS 1377: 1990]. The 
chalk samples were oven dried at 80° C and their mass measured at 24 hour intervals until 
there was no change in mass for 3 consecutive readings. Each test took approximately 72 
hours.
B,2.2 Results
The results of the water content determinations are shown in Table B-1. It can be seen that 
the mean water content at each location varies between 34.3% and 36.9%, which was a 
small range. A mean water content of 34.8% was found for Needham Market chalk by 
other workers which agreed well with these results [Saffari-Shooshtari, 1989]. Locations 
4, 5 and 6 recorded lower water contents than the other locations, but there appeared to be 
no obvious physical reason for this. The samples ftom location 5 had already been 
obtained by the quarry workers prior to the site visit and so the exact location of sampling 
was not known. It was possible that this chalk came from a different height on the quarry 
face, or perhaps was more desiccated than the other samples. The values of standard 
deviation showed good repeatability of results within each location sample group, in 
addition to the close agieement between locations.
B.3 Dry Density
Dry density tests provide a good correlation with other characteristics of the chalk, such as 
strength and so are useful both as a check on variability and as an indication of other 
material behaviour.
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LOCATION MINIMUM MAXIMUM MEAN STANDARD
(%) (%) (%) DEVIATION
1 34.7 37.3 36.1 0.8
2 35.8 38.8 36.9 1.0
3 35.1 38.1 36.4 0.9
4 32.4 36.0 34.3 1.2
5 33.8 35.2 34.6 0.5
6 32.7 34.9 33.9 0.7
7 34.2 36.4 35.1 0.6
8 35.0 36.9 35.9 0.6
Note: 9 tests were carried out at each location
Table B-1: Natural water content results for Needham Market chalk
Initially a comparison study was undertaken to determine the best method of dry density 
determination. Three methods were followed:
• British Standard test no. 7: part 2 [BS 1377: 1990]
• method by Saffari-Shooshtari [1989]
• method by Matthews [1993]
The essential difference between the methods was that the chalk lumps were waxed in the 
BS 1377 method, but were not in the other two methods. Difficulties were experienced 
with the disintegration of the non-waxed chalk lumps when immersed in water. Loss of 
material was not considered in the Saffaii-Shooshtari method but had been included in the 
Matthews method, and the latter method appeared to give good agreement with the British 
Standard method. However, it was decided to caiTy out diy density determinations 
following the British Standard test method [BS 1377, 1990], since there were no 
difficulties with loss of material. Specimens were prepared from small lumps of intact 
chalk, at its natural water content. The lumps were pared down to ensure that the
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surface was predominantly smooth. This was because the specimens were coated in 
wax as part of the experiment and any air pockets beneath the wax would affect the 
results. In addition there was less chance of any chalk being plucked from the surface 
when the wax was removed.
B,3A Method
Dry density determinations were carried out on nine samples from each of the eight 
locations, according to British Standards test no. 7: part 2 [BS 1377: 1990].
B,3,2 Results
The results for each location are illustrated in Table B-2. It can be seen that the dry 
density was uniform across the eight sampling locations, with a range of mean values of 
1.31 Mg/m^ to 1.36 Mg/m^, and very small associated standard deviations. These results 
agreed well with other results for this chalk, which ranged from 1.29 Mg/m^ to 1.39 
Mg/m^, with a mean dry density of 1.34 Mg/m^ [Matthews, 1993].
LOCATION MINIMUM
(Mg/m^)
MAXIMUM
(Mg/m^)
MEAN
(Mg/m^)
STANDARD
DEVIATION
1 1.29 1.34 1.33 0.02
2 1.29 1.32 1.31 0.01
3 1.30 1.35 1.33 0.01
4 1.32 1.40 1.36 0.02
5 1.34 1.38 1.36 0.02
6 1.26 1.37 1.35 0.03
7 1.33 1.37 1.35 0.01
8 1.33 1.36 1.34 0.01
Note: 9 tests were carried out at each location
Table B-2: Dry density results for Needham Market chalk
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Previous work indicated that dry density can be correlated to many mechanical properties 
of the chalk and so may be used as a measure of the mechanical uniformity of the chalk. It 
has been seen in Chapter 2 that dry density can be related to porosity, provided that the 
rock has a uniform chemical composition. The mean porosities, which were calculated 
from the measured dry density, (see Appendix A), varied from 49.5% to 51.6% and are 
shown in Table B-3. These results indicated that the chalk had a very high porosity, when 
it is considered that chalk in the U.K. varies in porosity from 9% to 52%.
LOCATION MINIMUM(%) MAXIMUM(%) MEAN(%)
STANDARD
DEVIATION
1 50.34 52.15 50.82 0.57
2 50.94 52.35 51.63 0.46
3 50.14 51.77 50.84 0.55
4 48.25 51.23 49.55 0.90
5 48.77 50.33 49.51 0.57
6 49.28 53.20 50.17 1.21
7 49.25 50.86 50.07 0.49
8 49.56 50.79 50.26 0.43
Table B-3: Calculated porosities for Needham Market chalk
Saturation water content was calculated from the test results using the following equation:
Saturation Water Content = [ —  - — JxlOO
Pd G /
where:
Pd
Gs
Equation B-1
dry density (Mg/m^)
specific gravity (particle density)
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A specific gravity of 2.7 was used since this was considered to be representative of chalk 
[Clayton, 1983]. The results for the saturation water content are shown in Table B-4. It 
can be seen that the mean varied at each location from 36.3% to 39.5%. When compared 
with the mean natural water content values, 33.9% to 36.9%, this indicated that the chalk 
samples were close to being fully saturated. This was supported by other data which 
indicated that Needham Maiket chalk was almost fully satmated in situ [Saffari- 
Shooshtari, 1989].
LOCATION MINIMUM(%) MAXIMUM(%) MEAN(%)
STANDARD 
DEVIATION (%)
1 37.5 40.4 38.3 0.9
2 38.5 40.7 39.5 0.7
3 37.2 39.8 38.3 0.9
4 34.4 38.9 36.4 1.3
5 35.3 37.5 36.3 1.3
6 36.0 42.1 37.3 1.9
7 35.9 38.3 37.2 0.7
8 36.4 38.2 37.4 0.7
Table B-4: Calculated saturation moisture contents for Needham Market chalk
B.4 Atterberg Limits
These tests are usually conducted on soils with plasticity, such as clays, but are useful as 
an indication of unifoimity in other materials. Atterberg limits were difficult to caiTy out 
since the chalk significantly changed consistency in response to small changes in its water 
content.
B,4A Method
The test methods followed were British Standai’d nos. 4 and 5, Part 2: [BS 1377: 1990]. 
The specimens were prepared by pushing intact chalk through a 425 p,m sieve, and then
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thoroughly mixing the resulting material. The chalk lost its intact structure and 
developed the consistency and appearance of toothpaste. Chalk at its natural water 
content was used, rather than oven dried specimens, in case the application of heat altered 
the chalk behaviour. The four-point cone penetrometer method was used for the 
determination of the liquid limit (fVi) since this method is more repeatable than the 
Casagrande method. It was found that little water was required for a large change in 
consistency, and so that the liquid limit was often exceeded. In addition, the chalk dried 
out very quickly and so difficulty was experienced in achieving a homogeneous mix. The 
plastic limit (Fi) test was easier to execute, although the material dried out very quickly 
and rapidly went below its plastic limit. Three tests were conducted for each location.
B.4,2 Results
The results of these tests are shown in Table B-5.
LOCATION MINIMUM(%)
Wl Pl
MAXIMUM
(%)
Wl Pl
MEAN
(%)
Wl Pl
1 27 21 30 24 29 22
2 28 23 34 25 30 24
3 30 24 33 25 31 25
4 31 22 33 24 32 23
5 27 22 31 25 29 24
6 30 23 34 24 32 24
7 31 21 32 22 31 22
8 30 23 30 24 30 23
note: 3 tests carried out at each location
Table B-5: Atterberg limit results for Needham Market chalk
B-9
The liquid limit results displayed greater variability than the plastic limit results, which 
were more repeatable. The liquid limits were seen to range from a minimum of 27% to a 
maximum of 34%. The plastic limit results varied from 21% to 25%. An overall average 
of a plastic limit of 24% and a liquid limit of 31% was obtained for the Needham Market 
chalk. No correlation was found between the Atterberg limit test results and initial water 
content of the chalk used for specimen preparation. Both the liquid limit and plastic limit 
agreed well with values for other chalks [Clayton, 1983].
It is interesting to note that the natural water content of the chalk generally exceeded the 
liquid limit. This indicated that the intact material contained more water than was 
required to liquify the reconstituted material.
B.5 Uniaxial Compressive Strength 
B.5.1 Method
This test was carried out according to the method recommended by the International 
Society for Rock Mechanics [International Society For Rock Mechanics, 1979a]. Initially 
uniaxial compressive strength (UCS) tests were carried out on 38mm diameter samples to 
determine the variability of the chalk within each sample location and between locations. 
In total nineteen specimens of 38mm diameter of Needham Market chalk were tested. 
Five tests were carried out on 50mm diameter samples to ascertain the influence of 
specimen size on the uniaxial compressive strength. An unconfined compression test was 
conducted on a 38mm diameter specimen of chalk in a 20 tonne compression machine to 
determine the load at failuie. This enabled the selection of an appropriately rated proving 
ring with which the load would be measured in the UCS tests.
The preparation of specimens for the uniaxial compressive strength determinations on 
38mm diameter specimens is described in Chapter 4. No sample preparation equipment 
was available for 50mm cores and so an electrical lathe was used. The samples were 
initially cut from large lumps of chalk using a large concrete saw and then hand pared 
down to a rough cylinder by hand. The chalk could not be held in the jaws of the lathe, 
when it was powered up, without damage to the specimen. Therefore the lathe was used
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to prepare the sample by hand by winding the cutting tool along the length of a crudely 
fashioned sample, and rotating the lathe by hand. This was then enhanced by using a 
specially designed cutting tool, which enabled a wider swarf to be removed with each 
stroke. The preparation time for each specimen was approximately forty-five minutes, 
during which time the surface of the specimens dried out. The reduction in water content 
was found to be less than 0.5%. The surface of the cores were sprayed with water during 
prepaiation, to reduce evaporation but this made the surface of the chalk unworkable. 
Therefore the best method was to prepare the specimens as swiftly as possible, without 
any water spray.
Twelve UCS tests were also conducted on 38mm specimens of Needham Market chalk 
and two others of varying porosities (from Lower Froyle (40%) and Stonehill Down 
(30%)) and at four different water contents to determine the influence of moisture content 
on strength. All tests were carried out on a 5 tonne Wykeham Fanance Limited stepless 
compression machine. All the tests were conducted at displacement rate of 0.2mm/min. It 
was important that the strain rate was sufficiently fast so that the effects of creep did not 
influence the results.
B.5.2 Results
The results for both the 38mm and 50mm diameter samples of Needham market chalk are 
shown in Table B-6. The 38mm diameter samples ranged in average unconfined 
compressive strength (UCS) from 683kPa (location 2) to 2 085kPa (location 5), with an 
overall mean of 1415kPa. The 50mm samples ranged from 871kPa (location 7) to 2 
580kPa (location 5). These results indicated that the 50mm diameter samples generally 
gave higher unconfined compressive strengths than the 38mm size.
In general it would be expected that larger sample sizes resulted in lower UCS strength 
since a more representative sample of the macro fabric was being tested. One possible 
explanation for this result was that difficulty was experienced in selecting samples due to 
the breakage of chalk. Therefore, by the very nature of sample preparation, only 
competent material survived through to the testing stage.
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LOCATION MINIMUM 
(kPa) 
3 8 m m  5 0 m m
MAXIMUM 
(IcPa) 
38mm SOmm
MEAN 
(kPa) 
38mm 50mm
1 - 1 655 - 1 655 - 1 655
2 683 1 511 1217 1 511 1081 1 511
4 1 095 - 1240 - 1 168 -
5 922 2 580 2 085 2 580 1 965 2 580
7 1 521 871 1 596 1 666 1 559 1269
8 1 242 - 1 361 - 1 302 -
Table B-6: Uniaxial compressive strength test results for 38mm and 50mm
diameter specimens of Needham Market chalk
Sample selection and preparation was found to be easier for the 38mm samples, which 
may indicate that the preparation techniques subjected the specimens to lower stresses. As 
a result weaker samples survived through to the testing stage.
The investigation of the relationship between water content and UCS found that oven 
dried chalk was approximately twice as strong as saturated chalk. This relationship was 
found to be broadly true for all the types of chalk tested and agreed well with previous 
work [Matthews & Clayton, 1993].
A total of 24 UCS tests were carried out and the results for the 38mm diameter specimens 
showed generally good agreement. This provided valuable information with regard to the 
chalk uniformity. The tests also indicated the likely yield and failure stresses of the chalk 
in other stress regimes which assisted in the choice of appropriate equipment for triaxial 
testing.
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B.6 Slake Durability
Many rocks are prone to swelling, weakening or disintegration when exposed to short term 
weathering processes of a wetting and drying nature. These ar e usually rocks containing 
clay minerals but this also applies to carbonate rocks, such as chalk. The slake duiability 
test is an index test that assesses the resistance offered by the rock to weakening and 
disintegration when subjected to two standard cycles of wetting and drying. The resistance 
offered by the rock is a function of its composition and hence is an indicator of the rock 
uniformity. It was also useful to use as a comparison with previously published data for 
Needham Maiket.
B.6.1 Method
This test was performed on intact material since fabric has an important effect on the 
behaviour of the rock. It was carried out according to the method described by the 
International Society for Rock Mechanics [International Society For Rock Mechanics, 
1979b]. The slake durability test required 10 roughly uniform sized lumps of chalk at 
natural water content, each with a minimum mass of 40g. These required little 
preparation, apart from the removal of obvious protrusions and being oven dried
B.6.2 Results
The results for the slake durability index, 1^ 2, are illustrated in Table B-7.
LOCATION 1 2 3 4 5 6 7 8
W % ) 80.88 81.69 81.86 70.44 69.47 71.59 70.3 72.51
Table B-7: Slake durability test results for Needham Market chalk
These results showed that the slake durability index ranged from 69.5% to 81.9%, which 
indicated a high resistance to disintegration when compaied to rocks such as mudstones. 
Chalk samples from locations 1 to 3 did not break up very much during the test, but 
merely became smaller and rounded. The remaining locations broke up significantly, 
reducing to angular gravel sized chalk. The chalk used for locations 1 to 3 had previously 
been used in the determination of dry density whereas samples from the other locations
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were prepared from chalk at its natural moisture content and then dried in the oven to 
constant mass. This suggested that the either oven drying over an extended period had 
altered the chalk structure, or the wax used in the dry density determination impregnated the 
surface of the chalk and therefore rendered it more resistant to abrasion. The chalk from 
locations 4 to 8 had an average index of 70.86%, which was in good agreement with the 
value of 73 .9% from previous work [Saffari-Shooshtari, 1989].
B.7 Scanning Electron Microscopy
Samples of Needham Market chalk were examined using scanning electron microscopy 
to examine the structure of the material. An example of the structure observed is shown 
in Figure B-3. Here the presence of coccoliths can be seen, along with platelets from 
other organisms. Cementation between the grains and platelets was not observed in any 
of the micrographs taken, although this chalk is considered to be bonded.
I
«
platelet
xoccolith
Figure B-3: Scanning electron micrograph of structured chalk
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B.8 Summary
The results demonstiated that the intact chalk was compositionally uniform, which 
indicated that uniformity in mechanical properties may be expected, see Chapter 2.
The strength of the chalk was sensitive to water content. The strength was lower when the 
chalk was nearly saturated and higher when oven dry. It was, therefore, impoitant to test 
the chalk when it was close to its natural water content in order to model in situ conditions 
more closely.
It was evident that Needham Market chalk was very weak, particularly when it was at its 
natural water content and was difficult to handle dui'ing sample preparation and testing. 
However, a successful means of uniaxial specimen preparation by hand lathe was 
achieved. It was found that the Needham Market chalk was sufficiently unifoim to make 
it a suitable natural material to investigate intact and mass behaviour in the laboratory.
O ' . > 4
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